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PREFACE 


B.R.C.N. 5422 (1) and (2), Radio Fundamentals (Electrical) and (Electronic) 
has been prepared as a textbook for use at H.M.C. Electrical School and H.M.C. 
Communications School. 


B.R.C.N. 5422 (1) contains basic electrical theory essential to the understanding 
of radio and radar circuits. It has been written to provide a comprehensive review 
and extension of fundamental electrical principles, with their application to elec- 
tronics considered of first importance. 


B.R.C.N. 5422 (2) contains a study of the electronic circuits fundamental to 
radio and line communications, direction-finding and radar. 


Work on the manuscript was originally undertaken by some thirty-three instruc- 
tional officers at H.M.C. Signal School during the Second World War. The text 
has been revised and completed by the undersigned former members of this staff. 
The manuscript is based upon notes compiled by the authors while training com- 
municators and technicians and while taking courses. Consequently the material 
has been drawn from a great many excellent sources and has been adapted and 
presented in such a way as to suit best the needs of the R.C.N. To list these sources 
and give credit where credit is due would be a most difficult task since knowledge 
and experience, in any field, are based upon facts derived from many diverse sources. 


In addition to the undersigned, Lieutenant (L) J. H. Burwell, R.C.N. (R) (Re- 
tired), has helped, during two summers, in the preparation of B.R.C.N. 5422 (2). 


The original manuscripts for Chapter XVIII Line Communications and Chapter 
XIX Teletype were written by staff officers of H.M.C. Electrical School and edited 
by the authors. 


B.R.C.N. 5422 (1) and (2) has been produced with the co-operation of H.M.C. 
Electrical School and H.M.C. Communications School. The staffs of these schools 
have read the manuscript and have made many valuable suggestions and criticisms. 
In addition, B.R.C.N. 5422 (2) was used in mimeograph form in the training of 
two classes of technicians at H.M.C. Electrical School. Suggested revisions and 
extensions have been made and the text has been accepted for use in training com- 
municators and technicians. 


The authors wish to thank the Director of Naval Communications, the Staffs of 
H.M.C. Electrical School and H.M.C. Communications School, the Director of 
Publications and Printing and the Commanding Officer of H.M.C.S. ‘York’? for 
their efforts and co-operation in facilitating the work on this project; and in particular 
the Electrical Engineer-in-Chief and his staff whose efforts have made this work 
possible. 

Lieut. Cdr. (L) W. B. MacLean, R.C.N. (R) (Retired) 
Lieut. (L) J. L. Coulton, R.C.N. (R) (Retired) 

Lieut. (L) J. C. Fraser, R.C.N. (R) (Retired) 

Lieut. (L) O. S. Hall, R.C.N. (R) (Retired) 

Lieut. (L) J. W. Judge, R.C.N. (R) (Retired) 

Lieut. (L) R. D. Mackintosh, R.C.N. (R) (Retired) 


H.M.C:S. “York” 
August, 1952. 
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Klystron 
4 : . : (double-cavity with 
Switch (SPST) f sae collecting electrode) 
toggle or knife switch Triode multigrid Ss 


combination 


\" Switch (SPDT) 


— |< Non-synchronous 
vibrator 
=< | = Synchronous vibrator 
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D> 


Switch (DPST). Double diode triode 


LETTER SYMBOLS AND ABBREVIATIONS 


A Ampere 

A Amplification (Voltage gain) 

A Amplitude 

ae Amplitude of carrier wave 

At. Amplitude of modulating wave 

a Cross-sectional area 

a-c Alternating current 

a-f Audio-frequency 

a ee Automatic frequency control 

a.g.¢. Automatic gain control 

a.m. Amplitude modulation 

a.V.C. Automatic volume control 

a An angle 

B Susceptance 

B Magnetic flux density 

B Feedback factor 

b.f.o. Beat frequency oscillator 

G Capacity; Capacitance 

Gr Anode-to-cathode interelectrode capacitance 
e. Capacitance of coupling capacitor 

OF Effective capacitance; Equivalent capacitance 
CG Capacitance of grid capacitor ; 

Coa Grid-to-anode interelectrode capacitance 
Gok Grid-to-cathode interelectrode capacitance 
Cs Input capacitance of a valve 

CG. Capacitance of cathode by-pass capacitor 
Cc, Neutralizing capacitance 

Cc Velocity of propagation of electromagnetic waves in free space 
C.M. Circular-mil 

C.M.F. Circular-mil-foot 

CP.0: Cathode-ray oscilloscope 

c/s Cycles per second 

oT a. Cathode-ray tube 

c-w Continuous wave 

D Electric flux density 

d Distance 

d Diameter 

d.a.v.C. Delayed automatic volume control 
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C4 

es 

e.m.f 

e (Epsilon) 
€ 

n 
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Decibel 

Direct current 
Direction finding 
Difference of potential 


Small change in a quantity 


Electric field intensity; Electric field strength 

Effective value of an a-c electromotive force; Value of a d-c electro- 
motive force 

Effective value of the a-c component of anode voltage of a valve 
Peak value of a-c component of anode voltage 

Value of the d-c component of anode voltage of a valve 
Anode-supply voltage 

Value of the d-c component of grid voltage of a valve 
Control-grid-bias supply voltage 

Supply voltage for grid number 2 

Filament voltage of a valve 

Filament-supply voltage 
Effective value of the a-c component of control grid voltage of a valve 
Effective value of the a-c component of screen-grid voltage of a valve 
Maximum value of an a-c voltage; peak value of an a-c voltage 
Polarizing voltage 

Instantaneous value of voltage 

Instantaneous value of the a-c component of the anode voltage of a 
valve 

Instantaneous value of the total anode voltage of a valve 
Instantaneous value of the total grid voltage of a valve 
Instantaneous value of screen-grid voltage of a valve 

Instantaneous value of the a-c component of the control-grid voltage 
of a valve 

Instantaneous value of the a-c component of screen-grid voltage of 
a valve 

Instantaneous value of input voltage 

Signal voltage 

Electromotive force 

Base of natural logarithms (2.71828...... ) 

Charge on an electron 

Anode efficiency 


Farad 

Force 

Frequency 

Fore and aft 
Resonant frequency 
Frequency deviation 
Frequency-modulation 
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G 
G 
Ym 


y (Gamma) 
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Conductance 

Input conductance of a valve 

Mutual conductance, or control-grid-to-an 
a valve 

An angle 


ode transconductance of 


Magnetic field strength 

Henry 

Horsepower 

High tension 

Effective height 

High-frequency 

Effective value of an alternating current; value of d-c current 
Effective value of the a-c component of anode current of a valve 
Peak value of a-c component of anode voltage 

Value of the d-c component of anode current of a valve 

D-c no-signal component of anode current 

Increase in the d-c component of anode current when a signal is 
applied 

Value of the d-c component of the grid current of a valve 

Filament current of a valve 

Effective value of the a-c component of the grid current of a valve 
Effective value of the a-c component of cathode current of a valve 
Effective value of the a-c component of screen-grid current of a valve 
Instantaneous value of current 

Instantaneous value of the a-c component of the anode current of a 
valve 

Instantaneous value of the total anode current of a valve 
Instantaneous value of the total grid current of a valve 
Intermediate-frequency 

Instantaneous value of the a-c component of the control-grid current 
of a valve 

Instantaneous screen-grid current of a valve 

Instantaneous cathode current of a valve 


Vl, operator j 


Dielectric constant 
Kilo 
coupling factor 


Inductance 

Critical value of inductance 
Equivalent or effective inductance 
Effective inductance of the load 
Inductance of a transformer primary 
Inductance of a transformer secondary 
Low Tension 

Length 


l-f 
Lo. 
log 
(Lambda) 


an 


O 
Q (omega) 
w (omega) 
QW, 


LETTER SYMBOLS AND ABBREVIATIONS 


Low-frequency 

Local oscillator 

Common logarithm; Logarithm to the base 10 
Wavelength 


Mutual inductance 

Mil-foot 

Mega 

Modulation factor 

Modulated continuous wave 

Frequency modulation index; deviation ratio 
Millisecond 

Medium-frequency 

Magnetomotive force 

Master oscillator 

Master oscillator power amplifier 
Amplification factor of a valve; Permeability 


Number of turns 
Number of transformer primary turns 
Number of transformer secondary turns 


Operating point 

Ohm 

Angular velocity 
Resonant angular velocity 


Power; true power 
A-c power 

Input power 

Output power 
Instantaneous value of power 
Power amplifier 
Potential difference 
Power factor 
Permanent magnet 
Phase modulation 
Pulse-time modulation 
Push-pull 

Power supply 

Port and starboard 


Ratio of circumference to diameter of a circle (3.14159. .) 


Phase angle of current 
Total magnetic flux 
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XX 
Q Quantity 

Q Quantity of charge on a capacitor 

Q Ratio of reactance to resistance for an inductor 
Q Figure of merit of a tuned circuit 

q Instantaneous electric charge 

R Resistance 

Irie Direct-current resistance of anode circuit 

Bad Anode-to-anode resistance 

Rerit Critical value of resistance 

Re Effective resistance; Equivalent resistance 

Jen Direct-current resistance of control-grid circuit 
R, Direct-current resistance of cathode circuit 

Ry, Load resistor 

R, Control-grid current limiting resistor 

R, Resistance of transformer primary C 
ye Resistance of transformer secondary 

r Radius 

r Internal resistance of a source of e.m.f. 

Ta Dynamic anode resistance of a valve; A-c resistance of a valve 
Tp Direct-current resistance of a valve 

1, Input resistance of a valve to a-c 

r-f Radio-frequency 

r-f-c Radio-frequency choke 

r.m.s. Root mean square 

r.p.m. or r/m Revolutions per minute 

r-t Radio telephony 

p (Rho) Resistivity; specific resistance 

S Sensitivity or signal strength 

s-f Supersonic frequency 

8.9. Specific gravity 

ip Absolute temperature 

L Period of sinusoidal wave 

t Time 

t Turns ratio 

t-r-f Tuned-radio-frequency 


6 (Theta) Phase angle 


u-h-f Ultra-high-frequency 

V Volt; Potential difference; Voltage drop; Potential 
v Velocity 

v-h-f Very-high-frequency 


v-u Volume unit 


LETTER SYMBOLS AND ABBREVIATIONS 


Work or energy 

Watt 

Watt-hour 

Voltage rating or working voltage 
Wireless telegraphy 


Reactance 

Capacitive reactance 

Effective reactance; Equivalent reactance 
Input reactance 

Inductive reactance 

Output reactance 


Admittance 
Input admittance 
Output admittance 


Impedance 

Impedance of anode circuit 

Effective impedance; Equivalent impedance 
Input impedance 

Impedance of control-grid circuit 

Impedance of cathode circuit 

Output impedance; Characteristic impedance 
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FIRST-AID TREATMENT FOR ELECTRIC SHOCK 


A. Safety First 


ctive of voltage. Exercise great care in 
erator to contact more dangerous circuits 
d contacts such as are made by standing 
lating material when necessary to make 
adjustments with one hand only 


Regard all electrical equipments as dangerous irrespe 
handling as it is often a minor shock which causes an op 
with serious results. When handling equipment, avoid broa 
on a metal deck or in water. Stand on a piece of good insu 
adjustments with equipment in operation. In addition, make 
wherever possible. 

Dangerous contacts may result through lessened r 
perspiration. Contact with damp metal surfaces 
may allow current to ground through the moist sk 
passing through the body irrespective of voltage. 
passing through the body in the region of the heart is especially dangerous. 
drills avoid the possibility of a ground. 

Usually electric shock does not killinstantly. Life can be saved even though breathing has stopped. 


esistance when the skin and clothing are wet with 
such as decks, bulkheads, guns and machinery, 
in and body. Electric shock is due to current 
An 110-volt source has caused death. Current 
In using electric breast 


B. Instructions For Resuscitation 


A step-by-step analysis of the Holger-Nielson 
Method of Artificial Respiration 


Follow these instructions even if the victim appears dead. 


I. Free the victim from the circuit immediately. 


1. Quickly release victim from current, being careful to avoid receiving a shock. Use any dry non- 
conductor (rubber gloves, clothing, wood, rope, etc.) to remove either victim or conductor. Beware 
of using metal or any moist material. If necessary shut off current. 


2. As soon as victim is clear of conductor rapidly feel with your finger in his mouth and throat and 
remove any foreign body (tobacco, false teeth, etc.). If mouth is tight shut, pay no more attention 
to it until later; these aspects can be cared for when placing the subject into position or shortly 
thereafter, between cycles. Do not stop to loosen patient’s clothing, but immediately begin actual 
resuscitation. Every moment of delay is serious. Proceed as follows. 


II. Instantly attend to victim’s breathing. 


PosITION OF THE SUBJECT. 


1. Place the subject in the facedown, prone iti i i 
7 position. Bend his elbows and pl 
upon the other. Turn his face to one side, placing his cheek upon his hands. Gatien ce ee 


PosIrIon OF THE OPERATOR. 


2. Kneel on either the right or left knee at the head of the s ; 1 i 
: : ubject, facing him. 
the side of the subject’s head, close to his forearm. Place sb opposite ener es ae is 
ae porn ae ee Peon ote on either side of the subject’s head. Place your ante 
: ‘he subject’s back in such a way that the heels lie just bel li i 
pee ee aot ee } J elow a line running between 
cos 2 . i e tips of the thumbs just touching, spread the fingers downward and outward. 


COMPRESSION PHasE. 


3. Rock forward until your arms are a 1 1 
pproximately vertical, and allow th ight 
et ee See ee, oe Dees downward upon the han” This fees 
f t 5 our e i 
ee ep Othe eee coe ae d be kept straight, and the pressure exerted almost 


EXPANSION PHASE. 


4. Release the pressure, avoiding a final thrust, and commen 
yaa noe upon ae up ject’s arms just above his elbows, snd aan Sea je a Fs 
PPI y jus enous ift to feel resistance and tension at the subject’s arms shoulders i DS ae ca 
Ae on lees fae rock backward, the subject’s arms will be drawn toward ou "Then pee 
Sais ies ye o the ground. This completes the full cycle. The arm-lift ex Ae th he e. 
g e chest muscles, arching the back, and relieving the weight on the Be : (See Fie, He 


5. The Cc y ele should be repeated 12 tim i e. y ) ifc rm rate I h (Y 
| : es per minute at a st ad y u i e com I yression 
and expansion pnrases should occup y about equal ti me y the release pel i ds be ) £ of mini mum 


duration. A smooth rhythm i i Crepe Siete ¢ 
ee ee econtial, W in performing artificial respiration is desirable, but split-second timing 


6. Continue artificial respiration without i 1 il 
é out interruption until nat i 
four hours or longer, or until a physician declares the patient vererien: 


7. As soon as this artificial respirati i 
} spiration has been started and while it is bei i i 
Shon posee pay tight clothing about the patient’s neck, Rime ane PATIENT 
: 0 not give any liquids whatever by mouth until the patient is fully conscious ees 


g 1s restored; if necessary, 
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8. To avoid strain on the heart when the patient revives, he should be kept lying down and not 
allowed to stand or situp. If the doctor has not arrived by the time the patient has revived, he should 
be given some stimulant, such as one teaspoonful of aromatic spirits of ammonia in a small glass of 
water or a hot drink of coffee or tea, etc. The patient should be kept warm. 


9. Resuscitation should be carried on at the nearest possible point to where the patient received his 
injuries. He should not be moved from this point until he is breathing normally of his own volition, 
and then moved only in a lying position. Should it be necessary, due to extreme weather conditions, 
etc., to move the patient before he is breathing normally, resuscitation should be carried on during the 
time that he is being moved. 


10. A brief return of natural respiration is not a certain indication for stopping the resuscitation. 
Not infrequently the patient after a temporary recovery of respiration, stops breathing again. The 
patient must be watched and if natural breathing stops, artificial respiration should be resumed at 
once. 


11. In carrying out resuscitation, it may be necessary to change the operator. This change must be 
made without losing the rhythm of respiration. By this procedure no confusion results at the time of 
change of operator and a regular rhythm is kept up. 


III. Send for the Medical Officer or nearest physician. 


1f alone with victim, do not neglect immediate and continued resuscitation in order to call the M.O. 
Start at once—the first few minutes are valuable. If other persons are present, send one of them for 
a doctor without a moment’s delay. 


The ordinary and general tests for death should not be accepted and any doctor should make 
several very careful and final examinations and be sure specific evidence is present before pronouncing 
the patient dead. 


FIGuRE 2 


Ficure 1 


Fiaure 3 Figure 4 


CHAPTER I 


VALVES 


The thermionic valve or thermionic tube 
is one of the most important of all the 
various components used in modern radio 
systems. A valve consists of a glass or 
metal container in which two or more 
electrodes are mounted on a suitable sup- 
porting structure. Some valves are highly 
evacuated while others contain an inert 
gas at low pressure. Electrical connec- 
tions are brought to pins or terminals 
on the outside of the container. Electrons 
emitted from one of the electrodes form 
an electron stream. The formation of this 
electron stream inside the valve is there- 
fore the first consideration. 


1.1 Electronic emission and thermi- 
onic emission. The supply of free elec- 
trons for the electron stream is formed 
inside the valve by the emission of elec- 
trons from one of the electrodes called 
the cathode. The process by which elec- 
trons are set free is called electronic 
emission. 

In Chapter II, Vol. 1, it is explained 
that conductors are made up of atoms 
that give up orbital electrons easily and 
hence have a great many free electrons 
which are in continual random motion 
within the substance. If the conductor 
is heated, the free electrons gain velocity. 
At high temperatures, when the material 
begins to glow, some free electrons acquire 
a velocity sufficiently high to permit 
them to escape by penetrating the sur- 
face of the conductor and these form a 
cloud of electrons around the conductor. 
This is one method of electronic emission 
and in this case since the required energy 
for emission is supplied to the free elec- 
trons in the form of heat, the emission 
is called thermionic emission. The sub- 


stance from which the electrons escape is 
called the emitter or the cathode. The 
rate at which electrons escape from 
the emitter surface increases 

(i) as the temperature increases 

(ii) as the emitting surface area increases 
(iii) as the surrounding pressure becomes 

less. 

Thus, if an emitter of relatively large 
surface area, made of a substance rich in 
free electrons, is mounted and sealed in 
an evacuated glass or metal tube, it be- 
comes, when heated to a high tempera- 
ture, a practical source of electrons for 
the operation of electronic valves. How- 
ever the high temperatures required to 
produce satisfactory emission limit the 
number of substances that may be used 
as emitters to a very few. The most 
commonly used emitting materials are 
tungsten, thoriated tungsteh and oxide- 
coated emitters. 

Tungsten, when raised to white heat, 
gives good electronic emission and is re- 
ferred to as a bright emitter. Emitters 
of this material require heating to a very 
high temperature but they are rugged 
and have a long life; hence they are 
used in high-power transmitting valves. 

Thoriated tungsten consists of tungsten 
in which a small amount of thorium 
oxide has been incorporated. This ma- 
terial gives a satisfactory electron emis- 
sion at a very much lower temperature 
than pure tungsten, operating at yellow 
or orange heat. Emitters of this material 
are used in medium- and low-power 
transmitting valves and in the larger 
receiving valves. 

Oxide-coated emitters consist of a wire 
or ribbon of nickel or platinum alloy 


1 


V2 


— Glass or metal 
envelope 


f Filament-cathode 


(a) (b) 


Fia.1-1 (a) Directly-heated filament cathodes 
(b) Circuit symbol of a valve with directly-heated 
cathode. 


with its surface coated with a mixture 
of the oxides of barium and strontium. 
From this coating large numbers of elec- 
trons are emitted at relatively low tem- 
peratures corresponding to a dull red 
heat, and this type of emitter is there- 
fore termed a dull emitter. Many of the 
medium-size valves and practically all of 
the receiving valves use oxide-coated 
cathodes. 

1.2 Heating the emitter. The emitters 
of valves are heated electrically. One 
method is to construct the emitter in the 
form of a filament, Fig. 1-1 (a), and 
connect it across a battery or source of 
alternating current. Since such an 
emitter is a good conductor its resistance 
is low, the current in it is large and the 
heating effect (J?) is also large. In 
order to supply the desired high current 
only a low-voltage source of high capa- 
city is required. Such a low voltage-high 
current source is called a Low Tension 
(L.T.) or “A” supply. For example, 
some transmitting valves require an 
L.T. supply capable of delivering 4.5 
amperes at 10 volts, while some receiving 
valves require an L.T. supply which will 
provide 0.15 amperes at 6.3 volts. Thus 
by means of such a supply the emitter 
may be maintained at the required tem- 
perature for satisfactory emission. If the 
emitter itself conducts the heating cur- 
rent, as in this case, the cathode is said 
to be directly heated and it is referred to 
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Envelope 


Directly-heated cathode 


L.T. supply 


Fia.1-2 L.T. supply connected to heat the valve 
filament. 


as a directly-heated cathode. This type of 
cathode may be of tungsten, thoriated 
tungsten or of the oxide-coated type. 
The circuit symbol for a valve with a 
directly-heated cathode is shown in Fig. 
1-1 (b) and the circuit arrangement with 
L.T. supply connected is shown in Fig. 
1-2. 

A second method of heating is to con- 
struct the emitter in the form of a hollow 
cylinder and the heating is accomplished 
by mounting a tungsten heater wire or 
filament inside the cylinder. The heater 
only is connected across an L.T. supply 
and the cylindrical emitter is heated 
indirectly from the heat generated by the 
heater wire. This type of emitter is said 
to be indirectly heated and it is referred 
to as an indzrectly-heated cathode. Typical 
indirectly-heated cathodes are shown in 
Fig. 1-3 (a), the valve circuit symbol in 
Fig. 1-3 (b), and valve arrangement in 
Fig. 1-4. 


Heater 


Cathode 


(0) (a) 


Fig.1-3 (a) Indirectly-heated cathodes (b) Cir- 
cuit symbol of valve with indirectly-heated 
cathode. 
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If the customary 110-volt commercial 
a-c power mains is to be used to provide 
the L.T. supply, a step-down transformer, 
called a filament transformer is used to 
step down the line voltage to the low- 
voltage rating of the filament of the 
valve. Such a circuit arrangement is 
shown in Fig. 1-5. 

1.3 The electron stream. If a posi- 
tively charged body is placed near an 
electron emitter in an evacuated envelope, 
Fig. 1-6 (a), it attracts and collects the 
emitted electrons (unlike charges attract). 
The collected electrons tend ultimately 
to neutralize the positive charge of this 
body. However, if the electrons which 
are collected are removed as quickly as 
they arrive, the positive charge of the 
collector electrode can be maintained. The 
removal of the collected electrons may be 
accomplished by connecting a source of 
constant d-c voltage between the posi- 
tively charged collector electrode and the 
emitter as shown in Fig. 1-6 (b). Thus 
the electrons emitted by the cathode are 
attracted to the anode, where they move 
from atom to atom as free electrons with- 
in the metal. The electron flow con- 


Electron cloud 


Glass envelope 


L.T. supply 


Fia.1-4 L.T. supply arrangement for indirectly- 
heated cathode valve. 


1:3 


Cathode 
——O 


110V 
a-c input 


t 


Step-down transformer 
(filament transformer) 


Fic.1-5 Arrangement for a-c heating of the 
emitter. 


tinues through the battery back to the 
cathode to replenish its supply. This 
flow of electrons constitutes a flow of 
current. The two-electrode valve is 
known as a diode. The collector elec- 
trode of the valve is referred to as the 
anode or plate and it is usually constructed 
in the form of an open-ended cylinder 
or box of sheet metal mounted to sur- 
round the cathode. When it is necessary 


O-| |-O--------O+- 


Emitter 


D-c source 
(b) 


Fia.1-6 Function of collector electrode (anode). 
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to maintain the anode at a steady posi- 
tive potential, a d-c supply, known as 
the High Tension (H.T.) or “B” supply 
is used. In order to supply the desired 
‘current the d-c supply is generally one 
of high voltage. Since the current is 
small the H.T. supply need only have a 
low capacity. To maintain the anode at 
a positive potential, it is connected to 
the positive terminal of the supply while 
the cathode is connected to the negative 
terminal. In the case of transmitters and 
receivers, the H.T. supply voltages are 
often of the order of 2U00 volts and 350 
volts respectively. 

1.4 The diode. A diode valve has two 
electrodes, a cathode and an anode. Fig. 
1-7 (a) and (b) show the circuit symbols 
used for a diode with a directly-heated 
cathode and an indirectly-heated one 
respectively. 

A more complete understanding of the 
operation of the diode valve may be 
obtained by a consideration of the cir- 
cuits shown in Fig. 1-8. In Fig. 1-8 (a) 
when the L.T. supply is connected to the 
heater, as shown, the cathode emits 
elections as previously explained. In the 
absence of a potential on the anode these 
electrons form a cloud around the 
cathode, this cloud being called the space 
charge. This space charge tends to repel 
electrons, which are just being emitted, 
back into the cathode. As a result, the 
space charge increases in size until the 
same number of electrons are being re- 


Anode Anode 
Cathode 
Filament Heater 
| cathode 
(a) (b) 


Fic. 1-7 Circuit symbols for diode valve (a) 
with directly-heated cathode (b) with indirectly- 
heated cathode. 
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circuit 


L.T. supply 


(a) 


Potentiometer 


H.T. supply 


voltage L.T. supply 


(0) 


Fic.1-8 Circuit for studying operation of the 
diode. 


pelled into the cathode by the space 
charge as are being emitted by the 
cathode. 

If an H.T. supply voltage represented 
by the abbreviation H,, is now connected 
across anode and cathode via the voltage 
divider R, as shown in Fig. 1-8 (b), the 
anode is made positive to the cathode. 
When the voltage divider tapping point 
is set to make the anode only slightly 
positive with respect to the cathode some 
electrons from the space charge are 
attracted to the anode and return through 
the external circuit of the H.T. supply 
to the cathode. This flow of electrons is 
known as the anode current (or plate 
current) of the valve and the path it 
takes is referred to as the anode circuit 
(or plate circuit). The value of the anode 
current flowing at any instant is repre- 
sented by the abbreviation 7, and it may 
be measured by inserting a milliammeter 
in the anode circuit. The p.d. applied 
between anode and cathode is referred 
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Fia.1-9 Diode with anode negative to the 
cathode. 


to as the anode voltage (or plate voltage) 
of the valve and its value at any instant 
is represented by the abbreviation é,. 

When the anode voltage is made more 
positive, there is an increase in the number 
of electrons flowing to the anode, that is 
q» increases with an increase in e,. A 
limit is reached when an increase in e, 
causes no further increase in 7, due to 
the fact that all the available electrons 
emitted by the cathode are being col- 
lected by the anode. The value of anode 
current under these conditions is known 
as the saturation current and the condi- 
tion is called anode saturation. If the 
cathode temperature is less the electron 
emission is less. Hence the anode voltage 
at which saturation sets in and the value 
of the saturation current are less. 

It should be noted that if the anode is 
made negative with respect to the cathode 
(Fig. 1-9) the space charge electrons are 
repelled by the anode (like charges 
repel) and no anode current flows. Thus 
a diode permits an electron flow from 
cathode to anode but not from anode to 


_—_—_—___— 
Arrows show direction of electron flow 


Fia.1-10 Circuit of diode with directly-heated 
cathode. 
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cathode. This unidirectional property of 
the diode is of first importance in the 
application of this valve in radio circuits. 

In the circuit of Fig. 1-10, the cathode 
is of the directly-heated type and the 
anode current (7,) and the filament cur- 
rent (z,) flow in the same lead AB. If 
an a-c filament voltage is used with a 
directly-heated cathode, emission may 
vary to a slight extent in step with the 
a-c. This condition is undesirable and 
as a result indirectly-heated cathodes are 
usually employed when a-c is used as 
the L.T. supply. 

1.5 The characteristic curve of a diode. 
A continuous picture of the variation in 
the anode current of a diode as the anode 
voltage is gradually increased may be 
obtained by measuring corresponding 
€) — t) values and plotting them to ob- 
tain a graphical representation of their 
relationship. 

The curve which shows this e,—7, re- 
lationship is called the e,—7, curve or the 
anode characteristic of the diode. The 
corresponding e,—7, values may be ob- 
tained by using the circuit of Fig. 1-11. 
With the aid of potentiometers both the 
filament and anode voltages may be 
varied from zero up to the rated values 
of L.T. and H.T. specified by the manu- 
facturer for the valve used. The volt- 
meters V,; and V2 measure the anode 
and filament voltages respectively while 
the milliammeter mA measures the 
anode current. With a constant filament 


o+H.T. 


oes 


Fig.1-11 Circuit for obtaining data to plot the 
characteristic curves of a diode. 
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Anode current (mA) 


30 40 


0 10 20 
Anode voltage (volts) 


Fic. 1-12 Diode static anode characteristics. 


voltage the anode voltage is varied in 
steps and the corresponding values of 
anode current are noted. The values of 
anode voltage are used as abscissae and 
the values of anode current as ordinates 
to plot the characteristic curve. The 
curve is obtained by drawing a smooth 
line through the plotted points (Fig.1-12). 

In the graph of Fig. 1-12 the satura- 
tion current is approximately 12mA 
when the filament voltage is 3.5V. The 
nearly horizontal portion of the curve 
represents the saturation condition. At 
saturation the anode current is indepen- 
dent of the anode voltage. If the fila- 
ment voltage is increased to 4.0V, more 
electrons are emitted by the cathode. In 
this case the anode current for corres- 
ponding values of anode voltage is 
greater than the anode current when the 
filament is maintained at 3.5V. Hence, 
while the general shape of the charac- 
teristic is unchanged, the saturation 
current is about 24mA. If the filament 
voltage is increased still further to 4.5V, 
saturation does not set in at anode volt- 
ages shown in Fig. 1-12. In obtaining 
the ¢—% values to draw these curves 
it is necessary to operate the filament at a 
voltage considerably lower than its rated 
value so that the anode current does not 
exceed its maximum rated value. 
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The curves shown in Fig. 1-12 are 
typical of diodes with tungsten or 
thoriated-tungsten cathodes. The com- 
parative anode characteristics for diodes 
which have oxide-coated cathodes is 
shown in Fig. 1-13. From this curve it 
may be seen that the anode current 
never reaches a value of complete satura- 
tion. This results from the irregularities 
in the coating. Due to these irregulari- 
ties small pockets are produced which 
retain tiny space charges since they are 
somewhat protected from the anode 
potential. Hence space-charge electrons 
continue to be drawn from these pockets 
after most of the principal space charge 
has disappeared and so the anode cur- 
rent continues to increase slightly as 
shown in the graph. 
anode voltage . 
anode current 
called the equivalent d-c resistance of the 
diode. For example, at the point A on 
the curve for which the filament voltage 
is 4.5V, the anode voltage is 7.5V and 
the anode current is 14.0mA. The 
equivalent d-c resistance at A ‘is 

7.5 
14.0K10"3- 
mately. Similarly at B and C the equiva- 
lent d-c resistance is 476 ohms and 714 
ohms respectively. The equivalent d-c 
resistance of the diode is a variable de- 
pending on the operating conditions. 


The value of the ratio 


ohms or 536 ohms approxi- 


Anode current (mA) 


0 30 40 
Anode voltage (volts) 


_Fic.1-18 Comparative anode characteristics of 
ae with oxide-coated cathode and tungsten 
cathode. 
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Fig.1-14 Diode rectifier circuit. 


A more important property of the 
valve is the a-c anode resistance (rz) which 
is the ratio of the change in anode volt- 
age to the resulting change produced in 
anode current. If a steady anode voltage 
of 7.5V is applied, point A in Fig. 1-12, 
and then an alternating voltage of 2.5V 
is superimposed, the resulting change in 
valve current has a peak value of 7mA, 
C to B. Since a voltage change of 5V 
causes a current change of 14mA _ the 

9) 
14.0 1078 OMS 
or 357 ohms approximately. Over the 
straight line portion of a diode charac- 
teristic the a-c anode resistance is con- 
stant. The steeper the slope of the charac- 
teristic the less is the a-c resistance. 

1.6 The diode as a rectifier. The 
ability of a diode to permit current to 
flow through it in one direction only 
makes it possible to convert alternating 
current into direct current. This is one 
of the most important uses of a diode in 
radio circuits. When a diode is used for 
this purpose it is known as a rectifier. 

The simplest form of diode rectifier 
circuit is shown in Fig. 1-14. The 110V 
a-c main is connected across the primary 
of a power transformer which has two 
secondary windings. Winding (1) steps 
down the 110-volt input to the rated 
heater voltage of the diode and when 


a-c anode resistance is 


ike 


connected as shown provides the neces- 
sary current to heat the cathode. 
Winding (2) has a step-up ratio and the 
voltage developed across this winding is 
applied across anode and cathode of the 
valve through the resistor R. On the 
positive half cycles the anode is positive 
with respect to the cathode and the 
diode conducts electrons from cathode to 
anode, through winding (2) and resistor 
R back to the cathode. This current 
produces an JR drop across R. On the 
negative half cycles the anode is negative 
to the cathode and there is no electron 
flow. As the current through the diode 
and through the load R flows in one 
direction only, it is direct current. This 
direct current shown in Fig. 1-15 is quite 
different from a steady direct current. 
It increases from zero to a maximum 
value and then decreases to zero again 
during each positive half cycle of alter- 
nating current. Further, this current is 
zero during the negative half cycles. 
Thus the current through the valve and 
resistor comes in pulses and as a result it 
is referred to as a pulsating direct current. 
The output voltage appearing across R 
is also a pulsating voltage. To convert 
this pulsating direct current into a steady 
direct current and so provide a steady 
output voltage across R, the variations 


a-c voltage across winding @® 


pe pe 


| 
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Current through the diode | 
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Fig.1-15 Diode rectifier circuit waveforms. 
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in current must be removed. The pulsa- 
tion in current is called the ripple in the 
current and it can be removed by a 
filter circuit. The process of filtering out 
the pulsations in current to provide a 
steady direct current is discussed in 
Chapter III. A circuit which conducts 
current only on one half cycle of the a-c 
input is called a half-wave rectifier. 

1.7 Physical construction of the 
cathode. Since the cathode is the heart 
of the vacuum tube a more detailed 
study of the physical construction, effi- 
ciency, advantages and disadvantages of 
the two main types of cathodes is de- 
sirable. 


A. The Directly- Heated Cathode 


If the emitter itself conducts the heat- 
ing current, the cathode is a directly- 
heated cathode or filament cathode. To 
allow for the expansion of the wire a 
spring suspension is employed in the 
construction as shown in Fig. 1-1 (a). 
This type of cathode may be made of 
tungsten, thoriated tungsten, or it may 
be the oxide-coated type. 

Because of its small surface area, the 
directly-heated cathode can be main- 
tained at its operating temperature with 
a relatively small amount of heat wast- 
age and so with relatively small power 
consumption. It is therefore useful in 
battery-operated equipment. This type 
is also used in large transmitting valves 
in order to keep power consumption to a 
minimum. Because the heater voltage 
is applied directly to the cathode all 
sections of this cathode are not at a 
uniform potential. For example, if the 
filament voltage is 2.5V, the voltage 
difference between the anode and the 
negative end of the filament is 2.5V 
greater than that between the anode and 
the positive end of the filament. Hence 
electrons are not drawn to the anode in 
equal amounts from each end of the 
filament. As a result, the negative end 
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of the filament may fail in emission 
sooner than the positive end. 

Although the source of heater voltage 
may be a-c or d-c, the use of a-c for 
directly-heated cathodes is undesirable 
since the heater current alternately adds 
to and subtracts from the anode current 
in the cathode. This fluctuation results 
in an unwanted hum in the loudspeaker 
or earphones of receivers and amplifiers. 
Therefore d-c is used wherever possible. 
However, when it is necessary to use a-c 
with a directly-heated cathode, a valve 
requiring a low filament voltage should 
be selected to reduce this effect. 


B. The Indirectly- Heated Cathode 


A cathode in which the emitter is 
heated by a nearby current-carrying 
conductor or filament is called an in- 
directly-heated cathode or heater cathode. 
The heater wire or filament is usually 
made of tungsten or a tungsten-molyb- 
denum alloy. The emitter consists of an 
oxide-coated metal cylinder which closely 
surrounds the filament. The two com- 
ponents are electrically insulated by a 
very thin coating of insulation on the 
heater wire. 

The indirectly-heated cathode possesses 
the following advantages over the 
directly-heated cathode. 

(i) The heater voltage may be a-c as 
well as d-c since the heater current 
does not pass through the emitter 
and hence has no undesirable effect 
on the anode current. 

(ii) Since all sections of the emitter are 
at a uniform potential electrons are 
drawn in equal amounts from all its 
parts. 

The emitter can be made rigid and 
hence the spacing between it and 
the other electrodes can be made 
smaller. 

The tungsten heater can carry large 
heater currents with little danger of 
burning out. 


(iii) 


(iv) 
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The main disadvantage of the in- 
directly-heated type of cathode is that 
more heat must be developed and hence 
more power is consumed in maintaining 
both filament and emitter at the operat- 
ing temperature. In practice the use of 
the indirectly-heated cathode is restricted 
to low-power transmitting and receiving 
valves. 


C. Pressure Conditions for Emission 


If a cathode mounted in air at normal 
pressure were heated to the high tem- 
perature required for thermionic emis- 
sion, the oxygen present would cause the 
cathode material to burn. 

A method of overcoming this is to 
mount the electrodes in an evacuated 
envelope. Valves which employ a high 
vacuum are called hard valves. To ensure 
a high vacuum many precautions are 
taken in manufacture to remove all gas 
from walls and electrodes. However, 
most cathode materials retain slight 
amounts of gas which may be given up 
from the surface pores under operating 
temperatures. Such expelled gases are 
called occluded gases and the effect is 
called occlusion of gases. Collisions of 
electrons passing from cathode to anode 
with atoms of occluded gases have two 
undesirable effects. 

(i) The electrons are slowed down. 

(ii) Electrons may be knocked from their 
orbits in the gas atoms, thus ionizing 
the gas. 

As a result the atom or molecule which 

has lost an electron becomes a positive 

ion which is attracted to the cathode. 

If the anode voltage is large, these posi- 

tive ions may acquire considerable kinetic 

energy and so strike the cathode with 
sufficient velocity to overheat the cathode 
surface or strip off the coating. This 
effect, called posztive-ion bombardment or 
cathode bombardment, considerably 
shortens the life of a cathode and inter- 
feres with normal operation of the valve. 
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However, in some valves, gas at very 
low pressure is introduced for specific 
purposes and ionization of the gas present 
forms a part of their operation. Such 
valves are called soft valves or gas valves. 
Soft valves are considered in section 1.26. 


D. Emitting Materials 


The rate of emission for a given cathode 
material depends on the emission effi- 
ciency and the durability of the material. 
The most efficient emitting substance is 
that which produces a large number of 
electrons at a low operating temperature. 
Emission efficiency is defined as the 
number of milliamperes emission from 
one square centimeter of emitting surface 
per watt of electrical power dissipated 
in heating that square centimeter to 
normal operating temperature. Emission 
efficiencies for commonly used materials 
range from 3 to 1000mA per sq. cm. 
per watt, while operating temperatures 
vary from 800 to 2400°C. 

A durable cathode material should not 
melt or vaporize at its operating tem- 
perature; it should be able to resist 
positive-ion bombardment for normal 
operating voltages and it should have as 
little tendency towards gas occlusion as 
possible. 

1. TUNGSTEN CATHODES. 

Tungsten is the metal commonly used 
for directly-heated cathodes. A tungsten 
cathode is very durable under overloads 
or positive-ion bombardment and has a 
long life. Hence it is most useful for 
high-power transmitting valves where 
anode potentials are 5000V or more. 
However, because of the high operating 
temperature, from 2100 to 2400°C, its 
emission efficiency is low, about 3—15 
mA per sq. cm. per watt. At this tem- 
perature the metal is a dazzling white 
color and is therefore called a bright 
emitter. Tungsten is also used in in- 
directly-heated cathodes as the heater 
element. Its high melting temperature 
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is an advantage here. Because of this 
property it is capable of producing the 
high temperature necessary to heat the 
emitting surface without melting. 

2. THORIATED-T UNGSTEN CATHODES. 

A thoriated-tungsten emitter is used 
in indirectly-heated cathodes. It con- 
sists of tungsten in which a small amount 
of thorium oxide has been incorporated. 
Since its operating temperature, 1600°C, 
is much lower than that for tungsten, its 
emission efficiency is higher, ranging from 
5 to 100mA per sq. cm. per watt. 
However for anode voltages over 5000 V, 
it is subject to damage by positive-ion 
bombardment. Its chief use, therefore, 
is in medium-power transmitting valves 
with anode voltages from 500 to 5000 
volts. 

The thorium at the surface gradually 
evaporates and emission may fail after 
extensive use. However the emission of 
this cathode can be renewed by passing 
a larger current than normal through the 
cathode with no voltages on the other 
electrodes. The above-normal tempera- 
ture that is produced causes the thorium 
oxide to be reduced and thorium to be 
diffused or boiled to the surface. This 
new layer replaces the thorium which has 
evaporated from the surface. 

3. OxIDE-CoAaTED CATHODES. 

In this type a mixture of barium and 
strontium oxides, which acts as the 
emitter, is sprayed on a metallic base. 
This base may be composed of platinum, 
platinum alloys or alloys of nickel. For 
a directly-heated cathode the coating is 
sprayed on a nickel alloy wire or ribbon 
and for indirectly-heated cathodes on a 
metallic cylinder 

The operating temperature is low, 
from 800 to 900°C. As a result the 
emission efficiency is high, ranging from 
10 to 125mA per sq. cm. per watt for an 
indirectly-heated cathode and from 200 
to 1000mA per sq. cm. per watt for a 
directly-heated cathode. However, anode 
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Frq.1-16 Shapes of anodes. 


voltages above 500V will cause these 
cathodes to be seriously damaged by 
positive-ion bombardment. Their use is 
thus restricted to low-power transmitting 
valves, and all types of receiving valves. 

1.8 Physical construction of the anode. 
Since the anode or plate is the electrode 
which attracts and receives the electrons 
emitted by the cathode, it is always 
operated at a higher positive potential 
than the cathode. Anode voltages range 
from about 20V to about 10KV de- 
pending on the use and type of valve. 

Anodes are usually constructed as 
hollow cylinders with various cross- 
sectional shapes. Some typical anode 
shapes are shown in Fig. 1-16. The 
cathode is placed along the axis of the 
anode cylinder to ensure that electrons 
are drawn uniformly from the entire 
cathode surface. In Fig. 1-16 an anode 
and cathode are shown together in their 
usual relative positions. 

The size and material of the anode de- 
pend on the maximum power to be dis- 
sipated as heat at its surface. This heat 
is generated by the electron bombard- 
ment and by the passage of the electron 
current and must be safely radiated to 
prevent the anode temperature from 
rising to its melting point. For a given 
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Fig.1-17 Air-cooled valve. 


material the amount of heat radiation 
depends on the area, color and struc- 
ture of the surface. The dissipation 
may be increased by roughening and 
blackening the surface, since a rough 
dark surface radiates a greater amount 
of heat than a smooth shiny surface. 
Further, the power dissipation of the 
anode may be increased by increasing its 
surface area. To keep the anode from 
being unwieldy, its surface may be in- 
creased by attaching metal fins, across 
which a current of cooling air is blown. 
The fins are attached to a portion of the 
anode which is made to project outside 
the glass seal. The air-cooled valve 
shown in Fig. 1-17 has a maximum anode 
dissipation of 4000W. 

The power dissipation of an anode can 
also be increased by the continuous pas- 
sage of a stream of cold water over its 
outer surface. The anode, usually of 
copper, extends through the glass seal 
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Fic. 1-18 Water-cooled valve. 


into the cooling jacket. The water- 
cooled valve shown in Fig. 1-18 has a 
maximum anode dissipation of 6000 
watts. The anode in this valve is a 
metal cylinder which extends below the 
glass and contains the other electrodes. 

The anode material should possess the 
following properties. 

(i) A high melting point to allow for 

high anode dissipation. 

(ii) No tendency to warp and cause the 
electrode spacings and hence the 
electrical characteristics of the valve 
to change. 

High vaporization temperature to 
prevent loss of anode material 
through evaporation and consequent 
metallic deposits on other electrodes 
and insulators. 

Little tendency towards occlusion 
of gases. 

(v) Malleability for ease in shaping. 
(vi) Good thermal conductivity. 


(iii) 


(iv) 
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The following substances are most 
widely used in the construction of anodes: 
1. TUNGSTEN. 

Tungsten was one of the first substances 
to be used for anodes. It has a high 
melting point, no tendency to warp and 
is very rugged. However it is extremely 
difficult to work into a desired shape. 

2. MoLyBDENUM. 

This metal also has a high melting 
point. Since it is more malleable than 
tungsten, it is suitable for use in medium- 
and high-power transmitting valves. 
Since it is difficult to produce sheet 
molybdenum, anodes of molybdenum are 
usually basket-like in construction. 

3. CARBON. 

Carbon (graphite) conducts heat 
readily, is easily worked and does not 
warp at operating temperatures. It has a 
greater tendency towards occlusion of 
gases than other materials although care- 
ful selection and processing produce 
satisfactory results. For mechanical 
strength a carbon anode must be made 
with thick walls. 

4. TANTALUM. 

This metal is similar to molybdenum. 
It has a higher melting point and greater 
malleability than molybdenum. Its chief 
advantage is that it has the ability to 
retain any occluded gases. 

5. NICKEL. 

Nickel is inexpensive and malleable. 
However it tends to warp and has a low 
melting point. To improve its radiation, 
a layer of black, rough-surface amor- 
phous carbon is deposited on its surface. 
6. COPPER. 

Since copper is an excellent conductor 
of heat it is used for water-cooled and 
air-cooled anodes. 

7. ZIRCONIUM-COATED ANODE. 

This type of coating gives high heat- 
dissipating characteristics to the valve. 
It also has the ability to retain occluded 
gases and absorb any other traces of gas 
ina valve. Therefore it maintains a high 
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vacuum and a valve with such an anode 
can withstand heavy temporary over- 
loads without damage to its filament from 
positive-ion bombardment. 

1.9 The envelope and its evacuation. 
To maintain a high vacuum between the 
electrodes of a valve, they are enclosed 
in a glass or metal casing called an 
envelope. Metal envelopes are usually 
smaller than corresponding glass: en- 
velopes because they conduct heat out 
of the valves more readily. Glass en- 
velopes are used in all high-power r-f 
valves because energy losses due to eddy 
currents would be excessive in metal 
envelopes. The use of metal envelopes 
and metal-sprayed glass envelopes is.re- 
stricted to receiving valves and low- 
power transmitting valves. In glass or 
metal valves the leads from the elec- 
trodes pass through a glass seal at the 
bottom of the evacuated envelope to 
connecting pins and a composition base 
covers the glass seal. Typical base con- 
structions are shown in Fig. 1-19 (a) and 
(b) respectively. 

The composition base may be a ceramic 
or plastic material. Glass and porcelain 
are examples of ceramic bases, while 
bakelite is the commonly used plastic. 
Bakelite is inexpensive and is satisfac- 
tory for most receiving valves. When 
high r-f voltages exist between pins in 
the base, the ceramics are preferable be- 
cause of lower dielectric loss. 

The evacuation process for a valve 
consists of two steps: 

(i) the exhausting of the envelope 

(ii) the removal of occluded gases from 

the valve electrodes. 

These processes are brought into opera- 
tion after the inside electrodes and insu- 
lators have been assembled and the base 
and envelope have been sealed or welded 
together. © 

The envelope is initially exhausted by 
pumping the air out through the exhaust 
tube in the base of the envelope. At the 
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Fia.1-19 (a) Metal envelope base construction 
(b) Glass envelope base construction. 


same time the valve is heated to ensure 
that all gases are liberated as completely 
as possible. 

Most electrode materials retain slight 
amounts of gas in their surface pores 
after the initial exhaustion process. At 
operating temperatures these occluded 
gases are expelled from the electrodes 
and the gas pressure in the valve is in- 
creased. Occluded gases are removed by 
either gettering or electrode heating. 

In the gettering process, a small piece 
of an easily vaporized metal such as 
magnesium or barium is fastened to the 
inside structure of the valve near the 
base. This piece is called the getter. The 
valve is placed inside a solenoid through 
which high-frequency currents are passed. 
The eddy currents induced in the getter 
heat it and cause it to vaporize suddenly. 
The vapour condenses around the inside 
of the valve forming a silvery coating. 
The electrodes which are also heated by 
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induction give up their occluded gases. 
The freshly condensed getter absorbs 
these gases making the vacuum more 
complete. In their new position the 
absorbed gases are not subject to as great 
heat as if they had remained occluded 
in the active elements of the valve. Some 
getters act as keepers since they will 
combine chemically with any occluded 
gases which may be liberated in normai 
operation. The gettering is done either 
immediately before or after sealing the 
exhaust tube. 

In one electrode-heating process, the 
electrodes in a glass valve are heated by 
an induction coil. High-frequency cur- 
rents are passed through a coil surround- 
ing the valve. The eddy currents induced 
in all the metal electrodes heat them 
very rapidly. After a few seconds the 
sealing off may be completed. However 
in a metal valve the electrodes can not 
be heated by the induction method since 
the metal shell acts as a magnetic shield 
reducing the high-frequency field within 
the valve to a negligible amount. 

The electrodes in large transmitting 
valves are heated by an electron-bom- 
bardment method. The tungsten filament 
is heated and high potentials are applied 
to the other electrodes in turn. Under 
the influence of the electric fields pro- 
duced, the emitted electrons attain high 
velocities. Their kinetic energies are 
converted into heat as they strike the 
electrode. This method may be applied 
only after the initial exhausting has been 
completed, otherwise positive-ion bom- 
bardment may damage the cathode. The 
slight traces of gas remaining after the 
first process prevent this method from 
being used with oxide-coated valves. 

Getters are not used in high-power 
valves since these valves become so hot 
in operation that the getter would vapor- 
ize again and destroy the vacuum. Such 
valves are evacuated by a combination 
of heating and exhaustion over long 
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periods. Since some gas remains, oxide- 
coated cathodes can not be used because 
of positive-ion bombardment. For water- 
or air-cooled valves in which copper 
anodes are used, exhaustion is less 
thorough for mechanical reasons and 
tungsten cathodes are required to with- 
stand the positive-ion bombardment 
which occurs in operation. 

In some valves, a certain amount of 
gas such as mercury vapour is required. 
The pressure in such valves is very low, 
approximately 10~$mm. of mercury. Gas- 
filled valves are discussed in section 
1.26. 

1.10 The triode. A triode is a valve 
which contains a third electrode, called 
the control grid. This control grid takes 
the form of a cylindrical open helix or 
mesh of fine wire and is mounted to sur- 
round the cathode. In the construction 
of the triode the control grid is placed 
nearer to the cathode than to the anode 
(Fig. 1-20). If this grid is operated at zero 
potential it has little or no effect on the 
anode current of the valve since the 
electrons moving from cathode to anode 
pass freely through it due to the open 
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Fic.1-22 Triode arranged to operate as a dicde. 


nature of its construction. However, if 
the potential of this grid is made nega- 
tive with respect to the cathode, the 
grid repels some electrons to the cathode 
and the anode current is reduced. 
Further, if the grid is made positive with 
respect to the cathode, an accelerating 
influence is exerted on the electron stream. 
Since the grid is nearer to the cathode 
than to the anode, the potential applied 
to the grid is much more effective in 
controlling the electron stream than is 
the anode potential. Thus this new 
electrode, the control grid, gets its name 
from its purpose and construction in the 
valve. The circuit symbol of a triode is 
shown in Fig. 1-21. 

A more complete understanding of the 
operation of the triode and the function 
of the control grid may be obtained by a 
consideration of the circuits shown in 
Figs. 1-22, 1-28, 1-24. When the L.T. 
and H.T. supplies are connected as 
shown in Fig. 1-22, anode current flows 
in the anode circuit of the valve. Since 
the grid is connected to the cathode, the 
grid and cathode are at the same poten- 
tial and the effect of the grid on the 
electron stream is negligible. As a result 
the valve acts as a diode. If, however, a 
grid voltage supply (E..) is now con- 
nected across grid and cathode via the 
voltage divider R, as shown in Fig. 1-23, 
the grid is made negative to the cathode. 
When the voltage divider tapping point 
is set to make the grid slightly negative 
with respect to the cathode it repels some 
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Fia.1-23 Triode circuit arranged to make con- 
trol grid negative with respect to the cathode. 


of the electrons and the anode current 
(zp) is reduced. Since the grid is between 
the cathode and anode, the grid voltage 
(e.) has a greater effect on the anode 
current (7) than has the anode voltage 
(@). Thus a small negative grid voltage 
(e,) is capable of decreasing the anode 
current considerably. If the grid is made 
more negative by variation of R, more 
electrons are repelled to the cathode and 
the anode current is further decreased. 
Finally, if the control grid is made suffi- 
ciently negative all electrons emitted by 
the cathode are repelled and none reach 
the anode. Under this condition the 
anode current is cut off. The exact nega- 
tive grid voltage required to reduce the 
anode current to zero is called the cut-off 
voltage. 

If the grid is connected across the 
supply as shown in Fig. 1-24 the grid is 
made positive with respect to the cathode. 
When the grid voltage is positive the 
electrons are attracted and they receive 
extra acceleration on their way to the 
anode. As a result of this acceleration 
most of the electrons pass through the 
grid. Thus the grid also controls the 
anode current when it is positive. How- 
ever, some electrons attracted by the 
grid are collected by it and return through 
the external circuit of the grid supply 
to the cathode. This flow of electrons is 
known as the grid current of the valve and 
the path it takes is referred to as the 
grid circuit. The value of grid current 


Fig.1-24 Triode circuit arranged to make con- 
trol grid positive with respect to the cathode. 


flowing at any instant is represented by 
the abbreviation 7,. It is so small that a 
microammeter would be required to mea- 
sure it. 

Should the anode voltage be high 
enough to produce saturation with zero 
grid voltage, placing a positive potential 
on the grid cannot increase the anode 
current. Instead, grid current will flow 
and as extra electrons are not available 
from the cathode the anode current will 
decrease by an amount equal to the grid 
current. 

1.11 The characteristic curves of a 
triode. The inclusion of the control grid 
in the triode valve makes it possible to 
control the flow of current from cathode 
to anode. A small variation in voltage 
applied to the grid results in a compara- 
tively large variation in current flowing 
through the valve. If the current is made 
to flow through a resistor connected to 
the anode, corresponding large variations 
in voltage are developed across the re- 
sistor. Hence small changes in input 
voltage applied to the grid produce large 
changes in output voltage from the 
anode. In this way the valve circuit 
acts as a voltage amplifier. 

A continuous picture of the relation- 
ship between the grid voltage, anode 
current and anode voltage of a triode 
may be obtained by plotting the charac- 
teristic curves of the valve. Since there 
are three variables it is necessary to 
investigate the following relationships. 
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Fic.1-25 Circuit for obtaining data to plot the 
characteristic curves of a triode. 


(i) The relationship between the anode 
voltage (e,) and the anode current (7;) 
with the grid voltage constant (£,). 
The graphical representation of this 
relationship is called the e,—72 curve 
or the static anode characteristic of 
the triode as in the case of the diode. 


(ii) The relationship between the grid 
voltage (e,) and the anode current 
(2)) with the anode voltage constant 
(E,). The graphical representation 
of this relationship is called the 
€.—% curve or the static mutual 
characteristic of the triode. 


Each of these relationships may be 
investigated by means of the circuit 
shown in Fig. 1-25. Potentiometer R, 
permits the anode voltage (e,) to be varied 
from zero to the maximum voltage, Ej, 
of the H.T. supply. Voltmeter V; mea- 
sures the anode voltage and milliam- 
meter mA, measures the anode current. 
Potentiometer R» permits the grid poten- 
tial to be varied from a negative value 
to a positive value with respect to the 
cathode and voltmeter V, measures the 
grid voltage. 


A. The Static Anode Characteristics 
or €)—1, Curves 


To investigate the relationship between 
the anode voltage and anode current the 
grid voltage is first set at 0 volts and 
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then as the anode voltage is varied in 
steps from 0 volts up to full anode volt- 
age rating of the valve, the correspond- 
ing values of anode current are recorded. 
The values of anode voltage are used as 
abscissae and the values of anode current 
as ordinates to plot points. The charac- 
teristic is obtained by drawing a smooth 
curve through the plotted points (Fig. 
1-26). A family of anode characteristic 
curves as shown in Fig. 1-26 may be 
obtained by repeating the above proce- 
dure for various values of E,. 

The individual e,—7 curves of the 
family have the same general shape and 
are almost parallel. The general shape 
of each static e,—7, curve of a triode is 
similar to that of a diode. As the grid 
potential is made more negative, more 
electrons are repelled to the cathode; 
hence the values of anode current are 
decreased for the same values of anode 
voltage. Thus, increasing the negative 
grid voltage results in a curve farther 
to the right in the diagram but the 
general shape remains much the same. 
It should be noted that the upper portion 
of each curve is almost a straight line. 
Hence for this portion of each charac- 
teristic there is a linear relationship be- 
tween anode current and anode voltage. 
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Fia.1-26 Triode static anode characteristics 
(@) —%» curves). 
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Fiaq.1-27 Triode static mutual characteristics 
(€.—tp Curves). 

B. The Static Mutual Characteristics 

Or €.—% Curves 

To investigate the relationship between 
the grid voltage and anode current, the 
anode voltage (Fig. 1-25) is maintained 
constant at a suitable value by means of 
the potentiometer R,;. The grid voltage 
indicated on V» is varied in steps from 
beyond cut-off to about zero by means 
of potentiometer R.. The corresponding 
values of anode current are read from 
mA, and recorded. The values of grid 


t(mA ) 
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voltage are used as abscissae and the 
values of anode current as ordinates to 
plot the mutual characteristic curve (Fig. 
1-27). Other curves of the family are 
obtained by repeating the above proce- 
dure with the anode voltage held con- 
stant at various other values (Fig. 1-27). 

The shapes of all e,—72 curves of the 
family in Fig. 1-27 are similar. However 
as the constant anode voltage is reduced, 
fewer electrons are attracted to the anode 
and hence the values of anode current are 
smaller for corresponding values of grid 
voltage. Thus the curve produced ap- 
pears to the right as the constant anode 
voltage is reduced. 

It should also be noted that the central 
portions of these curves are almost 
straight lines. Hence, over this portion 
of the static e,—72) curve there is a linear 
relationship between the anode current 
and grid voltage. 

Usually, only the static e,—7, curves 
are given in valve manuals. However, 
when the static e,—7, curves are desired 
they can be derived from the static e,—1%, 
curves as follows. Fig. 1-28 (a) shows a 
set of static e,—72 curves for a triode. 
For a fixed anode voltage, E, (200V), 
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Fia.1-28 Method of deriving a static e,—i, curve from the static e,—7y curves. 
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Frq.1-29 Method of obtaining mutual conduc- 
tance of a triode. 
the values of anode current correspond- 
ing to several grid voltages can be ob- 
tained by drawing a vertical straight line 
AB to cut across the given curves. The 
points of intersection give corresponding 
values of anode current, 71, t)2, etc., and 
grid voltage, €1, @c2, etc. These 7 and 
e, values are plotted to give a static 
€.—t curve as in Fig. 1-28 (b). This 
process, when repeated, gives static e, —1, 
curves for other fixed values of anode 
voltage and a family of static e,—2 
curves can be obtained. 

1.12 Valve factors. Three important 
factors or ratios which may be obtained 
from either set of characteristic curves, 
are useful when analyzing the perform- 
ance of a valve. These valve factors are: 

(i) the amplification factor 
(ii) the mutual conductance 
(iii) the a-c anode resistance. 
Each of these factors depends upon the 
construction of the valve and upon the 
electrode voltages and currents and helps 
to indicate the ability of a given valve 
to perform a specific function. Although 
these factors are discussed as applied to 
a triode, the general definitions apply 
equally well to valves with more than 
three electrodes. 
A. The Amplification Factor 
The amplification factor of a valve is a 
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Fria. 1-30 Method of obtaining a-c anode resist- 
ance of a triode. 


measure of the effectiveness of the grid 
as compared to the anode in controlling 
the flow of anode current. Thus, in 
general, the amplification factor, desig- 
nated by the Greek letter y, is the ratio 
of the change in anode voltage required 
to cause a small change in anode current 
to the change in grid voltage required 
to cause the same small change in anode 
current. Aes 

Thus oy ie) 


for the same small 
change in 72, 
where yw = amplification factor 
Ae, = a small change in anode 
voltage which produces a 
small change in anode cur- 
rent with the grid voltage 
constant 
Ae, = a small change in grid volt- 
age which produces the 
same small change in anode 
current with the anode volt- 
age constant. 
The amplification factor of the triode, 
the characteristics of which are shown in 
Figs. 1-29 and 1-30, is determined as 
follows. 

Right-angled triangles K LM are drawn 
with the linear portion of each curve as 
hypotenuse. By means of each of these 
triangles KLM the same change in 
anode current from 8mA to 14mA is 
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measured on each curve. Thus Az, is 
6mA. The grid voltage change Ae, is 
3V and the anode voltage change Ae 
is 60V. 


Then m 


Sis 
Therefore the amplification factor is 20 
in the range of 8—14mA anode current 
and an anode voltage of 200V. 

In this range the grid voltage is 20 
times more effective in controlling the 
anode current than is the anode voltage. 
It is this property of a control grid which 
makes amplification possible (Chapter 
II). For triodes the value of the ampli- 
fication factor ranges from about 4 to 
about 100. 

The amplification factor obtained 
above was determined only for the linear 
portion of the characteristics (Fig. 1-29 
and Fig. 1-30). This is the most im- 
portant range, since a triode is usually 
operated with values of anode and grid 
voltage which lie on the straight portion 
of the characteristic. In this region the 
valve factors do not change appreciably. 
As a result, the values of the valve factors 
which are given in the makers’ specifica- 
tions are those which are obtained from 
the linear range and hence only hoid true 
for this region of operation. For this 
reason the valve factors are sometimes 
referred to as valve constants. When de- 
sired, the valve factors may be calcu- 
lated in a similar way when the operating 
voltages lie on the curved portions of the 
characteristic curves. 

B. The Mutual Conductance 

The mutual conductance or grid-to-anode 
transconductance, symbolized by gm, is a 
measure of the effectiveness of the grid in 
controlling the anode current. It is de- 
fined as the ratio of a change in anode 
current to the change in grid voltage 
required to cause this change in anode 
current, for a constant anode voltage. 


Thus, 


) 


In = Ae, if EH, is constant, 
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where g = transconductance in mhos 
Ae, = asmall change in grid volt- 

age in volts 
At, = a small change in anode 


current, resulting from Ae,, 
in amperes. 

The mutual conductance can be calcu- 
lated for the linear portion of the static 
€,— curve of Fig. 1-29 as follows: 
From triangle KLM, 

Aw =’L.K = 6mA 


Ae, = LM = 3V, for E, = 200V 
Thugs ga oo 
Ae. LM 
Ee O10; 
3 
= 2x10-° 


Therefore, the transconductance is 
2x10-* mhos, or 2000 micromhos. 
Further, if Ae, is 1 volt, 


XG) 
since ——’ = .002, 


then Az = .002A or 2mA. 
Therefore, a l-volt change in the grid 
voltage causes a 2mA change in the 
anode current, if the anode voltage is 
constant. As the value of the trans- 
conductance of the valve increases a 1- 
volt change in the grid voltage causes a 
still larger change in the anode current. 
Thus a large transconductance means 
that the grid voltage has a great amount 
of control over the anode current. From 
Fig. 1-29 it may be seen that the value of 


gm is equal to the slope of the linear 
portion of the curve, since ais the 
slope. Hence an e,—7 curve with a steep 
slope indicates a large transconductance. 
Values for the transconductance of a 
triode range from about 1000 to about 
5000 micromhos. 

Since the slopes of all curves of the 
mutual characteristic family in Fig. 1-27 
are for all practical purposes the same, 
that is, the straight portions are parallel, 
the value of the transconductance is the 
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same whether the anode voltage is con- 
stant at 240, 200 or 160V. 


C. The A-C Anode Resistance 


As in the ease of a diode, the a-c anode 
resistance (rq) of 2 valve is the resistance 
that it offers to the flow of a small alter- 
nating current which is superimposed 
on some steady anode current. Thus, the 
a-c anode resistance is a measure of the 
effectiveness of the anode voltage in con- 
trolling the anode current. In general, 
it is defined as the ratio of a small change 
in the anode voltage to the change in 
anode current which it produces, for a 
constant grid voltage. 

Thus, 7, = Be. 


Ary 


if E, is constant, 


where r, = anode resistance in ohms 
Ae = asmall change in anode volt- 
age in volts 
At, = asmall change in anode cur- 
rent, caused by Ae, in am- 
peres. 

The anode resistance is measured in 
ohms, since it is a ratio of voltage to 
current. When a valve is operating on 
the linear portion of its characteristic the 
anode resistance may be determined from 
the values shown in Fig. 1-30. The values 
- of Ae, and Az, are obtained as before 
by drawing the triangle KLM. Thus 
from the graph Ae, = LM = 60V and 
Aw = LK’ =6mA for FE, = —A4V. 


Then Ae = 


Te, = 


= 10,000. 
Therefore the anode resistance is 10,000 


ohms. Further, if Ae is 1V, 
since Lig = A% 
Ta 
then At = asia A 
d 10,000 = 0.1mA. 


Thus a change of 1 volt in the anode volt- 
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age causes a change of 0.lmA in the 
anode current. A large anode resistance 
therefore means that the change in anode 
current is very small for a change in 
anode voltage or in other words that the 
anode voltage exerts little control over 
the anode current. 

Since the linear portions of all curves 
of the family of anode characteristics of 
Fig. 1-26 are almost parallel, the value of 
anode resistance is practically the same 
for the other values of EL, shown. Since 
the slope of the curve in Fig. 1-30 is 
_LM ; 
= Re therefore r, is the 
reciprocal of the slope of the e, —7, curve. 
Thus a characteristic with a steep slope 
has a low anode resistance. 

For triodes, the values of anode resist- 
ance range from about 1000 to about 
25,000 ohms. 


D. Calculation of the Valve Factors for 
Operation on Curved Portions of 
the Characteristics 


The method of calculation of valve fac- 
tors for the curved portions is very similar 
to that used for the straight portions. 
It has been pointed out that the trans- 
conductance is equal to the slope of the 
static e,—7 curve and that the anode 
resistance is equal to the reciprocal of 
the slope of the static e,—7, curve. The 
values of the valve factors may then be 
calculated at points along the curved 
portions by measuring the slopes at cor- 
responding anode current points. The 
necessary steps in obtaining the slopes 
of the curves and hence the valve factors 
are shown in Fig. 1-31. The curves shown 
in this diagram are members of the same 
family of characteristics as the curves of 
Figs. 1-29 and 1-30. The anode current 
point P chosen on each characteristic is 
4mA. This lies on the curved portions 
of the e,—7 and e,—7, curves shown in 
Fig. 1-31 (a) and (b) respectively. The 
slope of each curve at P is the slope of 
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Fig. 1-31 Method of calculation of values of 
valve factors for operation on curved portions of 
the characteristics. 


the tangent AB drawn at this point. A 
right-angled triangle QA B is constructed 
as in the previous calculations. From 
triangle QAB in Fig. 1-31 (a) the slope 
at point P is 


= 1.5410" 


Therefore the transconductance is 
1.54X10-* mhos or 1540 micromhos. 
This value is correct only if the grid 
voltage is —8V and the anode voltage 
is 210V. 

The anode resistance is found from 
triangle QAB in a similar manner in 
Fig. 1-31 (b) for a grid voltage of —8V 
and an anode voltage of 210V (point P 
on the curve). The slope of the curve at 


the point P is a and the reciprocal of 


the slope is ae Hence the anode resist- 


ance is given by 
55 


AQ 4 X10-3 


iePAll 


BQ 


or — 


—3 
AQ 13.7 X10 


= 13,700 

Therefore the anode resistance is 13,7002. 

The values obtained above for g,, and 
r, hold true only at the point for which 
they are calculated. It is seen that gm 
changed from 3000 micromhos to 1540 
micromhos and r, changed from 10,000 
to 13,700 ohms from the straight portion 
to this point on the curved portion of the 
characteristics. 


E. The Relationship Between the 
Valve Factors 


The relationship between the valve 
factors is 7a Xgm = wu. This is proved as 
follows. 

By definition, 


In = a with E, constant, 
€ 
Pret A& with FE, constant, 
tp 
t= Aes for the same value of A Ih, 
Then 
LNig~ LNG; 
TaXIm = ore. 
: LXC8 Aw 
_ A%® 
Ae 
=p 


Thus L= Pao 
where » = amplification factor 
’q = anode resistance in ohms 
gm = transconductance in mhos. 
The amplification factor of the triode 
over the straight portions of the charac- 
teristic curves shown in Figs. 1-29 and 
1-30 can be calculated from this formula. 
Since rz = 10,000 ohms and g, = .002 
mhos, then 
| aa Car Um 
10,000 x .002 
20 
Therefore the amplification factor is 20. 
This is the same value as previously 
calculated by another method. 
The amplification factor for the operat- 
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ing point’ P, Fig. 1-31 (a) and (b), is 
calculated in a similar manner. 
Since r, = 13,700 ohms and gm = 1540 
micromhos for E, = —8V and HE, = 
210V, 
then pw = %aXGJm 
= 13,700 x 1540 x 107° 
= 21. 

Therefore the amplification factor is ap- 
proximately 21; this value applies only 
for EF, = —8V and E, = 210V. 

1.13 Amplification. In Chapter I, Vol. 
1, the energy transformations involved 
in the various radio systems are dis- 
cussed. Somewhere in each of these 
systems it becomes necessary to amplify 
small a-c voltages and currents. For 
example, in a radio transmission system, 
sound energy is first converted into elec- 
trical energy by means of a microphone. 
This electrical energy appears in the form 
of a very low-power alternating current 
and hence it becomes necessary to amplify 
this a-c signal before it is changed into 
energy in the form of radio waves. By 
amplification the radiated energy can be 
made large enough to make communica- 
tion possible over great distances. How- 
ever, since energy cannot be created it 
is not possible to increase the electrical 
energy of the system without taking 
energy from some other source. In an 
electrical amplifier the a-c signal is used 
to control the energy output of some 
other source such as an H.T. supply. A 
valve having a control grid provides a 
means for controlling the energy from 
such a source and so makes amplification 
of a-c voltages and currents possible. 

The characteristic curves of a valve 
provide the necessary data from which 
its performance in an amplifier circuit 
can be determined. In amplifier circuits 
the a-c signal voltage is applied between 
grid and cathode of the valve and go it is 
sometimes referred to as the grid-input 
or grid-signal voltage while the grid 
circuit is referred to as the input circutt. 
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A-c signal source 
(1 volt peak value) 


Fic.1-32 Triode with a-c input voltage. 


The operation of a valve with an alter- 
nating input voltage may be understood 
by a consideration of the circuit of Fig. 
1-32. The anode is connected to the posi- 
tive terminal (+H.T.) of a high-voltage 
d-c source. The cathode is connected to 
the negative terminal (— H.T.) which is at 
ground potential. The grid is connected 
to the negative terminal of a low-voltage 
(5V) battery through a source of alter- 
nating input voltage. The cathode is 
connected to the positive terminal of this 
battery. 

When the grid-signal voltage is zero, 
the grid is held at a steady negative 
potential of —5V relative to the cathode. 
From the e,—7, curve of Fig. 1-33 it can 
be seen that with an initial grid voltage 
of —5V the anode current is 10mA and 
the valve is operating at point A on the 
curve. 

When the grid-signal voltage of 1-volt 
peak value is applied in series with the 
— 5 volts as shown, the voltage between 
grid and cathode swings between —4 
and —6 volts, alternate half cycles sub- 
tracting from and adding to the initial 
(negative) grid voltage. At the same 
time, the anode current increases and 
decreases in accordance with the changes 
in grid voltage. Thus it varies between 
the limits 13mA and 7mA and from 
Fig. 1-33 it may be seen that the wave- 
form of the anode current variation is an 
exact reproduction of the waveform of 
the a-c grid-signal voltage. Thus, a 
1-volt peak a-c signal causes an anode 
current variation of 6mA. This varying 
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Fia.1-33 Input and output waveforms of triode 
circuit shown in Fig. 1-32. 


current is equivalent to the original 
direct current with an alternating current 
superimposed on it. Thus the current is 
composed of a d-c average component, 
together with an a-c or varying com- 
ponent of peak value 3mA. 

The development: of an alternating 
anode current in response to an a-c signal 
voltage is not enough to effect amplifica- 
tion of this voltage. In order to make 
use of the large variations in the anode 
current which result from the small varia- 
tions in grid voltage, some load must be 
inserted in the anode circuit so that the 
alternating current through it can de- 
velop a relatively large or amplified 
voltage across it. 

Fig. 1-34 shows the circuit of Fig. 1-32 
with a resistor R inserted as an anode 
load. The anode current variation pro- 
duces a voltage variation across the 
anode load resistor. This voltage varia- 
tion is called the output voltage of the 
circuit. By means of this circuit a small 
grid-signal voltage change produces a 
large output voltage. This process is the 
basis for all vacuum tube amplification 
and, although in principle it is simple, at 
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Fra.1-34 Simple triode amplifier circuit. 


the same time certain complications are 
introduced. Since the output voltage is 
developed across the load resistor FR it is 
in effect developed at the anode of the 
valve and as a result with resistor R in 
the circuit it can no longer be assumed, 
as in the consideration of the circuit of 
Fig. 1-32 (a), that the anode voltage is 
constant. Instead it increases and de- 
creases with the alternations of the grid 
voltage. Thus the static characteristics 
do not give complete information to 
indicate how a valve operates in a prac- 
tical circuit. However, the operation of a 
valve with a resistance load can be repre- 
sented graphically but the curve depends 
not only on the H.T. voltage and the 
tube characteristics but also on the load 
resistance. Such a curve is known as the 
dynamic characteristic of the valve and 
the method of constructing it is con- 
sidered in Chapter II which discusses the 
topic of amplification in detail. 

1.14 Interelectrode capacitance. 
Capacitance exists between any two 
pieces of metal which are separated by 
an insulating dielectric. Thus there is a 
certain amount of capacitance present 
between any two electrodes of a vacuum 
tube. The capacitances that exist in a 
triode (Fig. 1-35) are 

(i) the grid-to-cathode capacitance, C;x, 

(ii) the grid-to-anode capacitance, Ca, 
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Frc.1-35 Triode interelectrode capacitances. 


(iii) theanode-to-cathode capacitance, C a, 

(iv) the cathode-to-filament capacitance, 
Cry. 

The values of these capacitances depend 

on the spacing and area of overlap of 

the electrodes. Typical values for a 


triode are: 
Cra 2:0. upE 
Cy = 3.0 wp 
Cainer 


The high value for the anode-to-cathode 
capacitance, Cy, is the result of the 
large area of overlap of cathode and 
anode. O,, is relatively small because 
the grid is a mesh and so has little sur- 
face area. C), is larger than C,, since 
the grid is much closer to the cathode 
than to the anode. The effective capaci- 
tances of a valve, measured when the 
electrodes are connected in a circuit, are 
greater than when the electrodes are dis- 
connected. The increased interelectrode 
capacitance when the valve is in opera- 
tion results from the shunting effects of 
the circuit wiring, tube base and socket. 

1.15 Effects of interelectrode capaci- 
tance. Although the values of interelec- 
trode capacitance are very small, they 
often introduce a coupling effect between 
input and output circuits associated with 
a valve. This makes the circuit unstable 
in its operation. The grid-to-anode capa- 
citance introduces the greatest amount of 
unwanted coupling and its effect may be 
understood by a consideration of Fig. 
1-36 which shows a simple triode ampli- 
fier circuit. In this circuit the grid-to- 
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F'1c.1-36 Simple triode amplifier circuit. 


anode capacitance, C,,, acts as a direct 
a-c coupling between the input circuit 
and the output circuit in parallel with 
the valve. As the value of Cj, is small, 
this shunting effect is negligible at low 
frequencies. However, as the frequency 
is increased, the shunting effect increases 
and .becomes appreciable at radio fre- 
quencies. As a result of this effect the 
amplification is reduced at high frequen- 
cies. In addition the voltage developed 
across the output load resistor FR is also 
directly coupled back into the input cir- 
cuit by means of C,,. Asa result of this 
coupling energy is fed back from the 
output circuit to the input circuit. Under 
certain load conditions such reaction or 
feedback causes the amplifier to become 
unstable. If this unwanted coupling be- 
tween input and output circuits is present 
to an unacceptable degree when a triode 
is used another type of valve is used in 
which a screen is present between grid 
and anode to reduce C4q. 

1.16 The principle of screening. The 
capacitance of C,, (Fig. 1-36) can be 
reduced by inserting an earthed metallic 
screen of sufficient size between its 
plates. Such a screen, consisting of a 
metallic plate larger than either of the 
two plates of C,,, is shown in Fig. 1-37 
connected through impedance Z to earth. 
The capacitance between g and a is re- 
placed by two capacitances gs and sa in 
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Fia. 1-37 Principle of screening. 


series. The current in the output circuit 
containing Z and R produces a p.d. 
across Z which is also in the input circuit 
and as a result current is still coupled 
back into the input circuit. If the impe- 
dance of Z is increased or made infinitely 
large by disconnecting it from the circuit, 
the coupling is further increased. How- 
ever, if s is connected directly to earth, 
current flows as before in the output 
circuit, but since there is no impedance 
common to both output and input cir- 
cuits there is no voltage and therefore 
no current developed in the input circuit. 
Hence, no matter what current flows in 
the output circuit and no matter what 
voltages appear across sa no current is 
fed back into the input. As a result g 


Fia.1-38 Arrangement of electrodes in a tetrode. 
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Fia.1-39 Circuit symbol for a tetrode with an 
indirectly-heated cathode. 


is completely screened from a. The screen 
as is only effective if it entirely isolates g 
from a and perfect screening results only 
when s is connected to earth either 
directly or through an impedance which 
is negligibly small. 

The principle of screening is used in 
tetrodes to reduce appreciably the grid- 
to-anode capacitance encountered in 
triodes. A wire mesh similar to the con- 
trol grid in shape and construction is 
mounted so that it completely surrounds 
the control grid (Fig. 1-38). It is evident 
that this mesh will not provide complete 
screening as would solid metal. However, 
a solid screen would cut off the flow of 
electrons from cathode to anode. 

The new electrode is called a screen 
grid. A valve containing the four elec- 
trodes, screen grid, anode, cathode and 
control grid is called a tetrode or some- 
times a screen-grid valve. 

Where C,, in a triode is of the order of 
QupF', in tetrodes it is of the order of 
002 uy. 

1.17 The tetrode. The tetrode with its 
four electrodes, cathode, control grid, 
screen grid and anode is represented by 
the circuit symbol shown in Fig. 1-39. 

If the screen grid of the tetrode is 
earthed as shown in Fig. 1-40, the poten- 
tial of the screen grid is the same as that 
of the cathode. Hence electrons in the 
vicinity of the input side of the screen 
would not be drawn on to the positive 
anode and the anode current would fall 
almost to zero. However, the require- 
ments of screening are satisfied if the 
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Fic.1-40 Tetrode circuit with screen grid 
earthed. 


screen is connected through a very low 
impedance to earth. Thus a capacitor of 
large capacitance connected from screen 
to earth (Fig. 1-41) effectively earths the 
sereen for a-c. This permits the screen 
to be operated at a positive d-c potential 
by means of a connection to a voltage 
divider across the H.T. supply (Fig. 
1-42). With the screen grid at a positive 
potential it collects some electrons. These 
flow from cathode to screen grid through 
the voltage divider and back to the 
cathode. This flow of electrons is called 
the screen current (7.2) and the circuit is 
called the screen circuit. 

1.18 The characteristic curves of a 
tetrode. A continuous picture of the 
relationship between the grid voltage, 
anode voltage, anode current and screen 
current of a tetrode may be obtained by 
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F1a.1-41 Tetrode circuit with screen grid con- 
nected to earth via a capacitor. 
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Fia.1-42 Typical tetrode circuit arrangement. 


plotting the characteristic curves of a 

tetrode. To show the relationship be- 

tween these variables graphically, the 
following two characteristic curves are 
required. 

(i) The static e,—72 curve or the static 
anode characteristic which presents 
the relationship between anode volt- 
age (e,) and the anode current (2) 
with the grid voltage (H,) and screen 
voltage (H,2) constant. 

(ii) The static e,—2 curve or the static 
mutual characteristic which presents 
the relationship between grid volt- 
age (e,) and the anode current (2) 
with the anode voltage (H,) andscreen 
voltage (E.2) constant. 

Each of these relationships can be in- 
vestigated by means of the circuit shown 
in Fig. 1-48. Potentiometer R, permits 
the anode voltage (e,) to be varied from 
zero to the maximum voltage of the 
anode supply. Voltmeter V, measures 
the anode voltage and the milliammeter 
mA, measures the anode current. Poten- 
tiometer Ry permits the grid potential 
to be varied from a negative voltage to a 
positive voltage with respect to the 
cathode. Voltmeter V2. measures the 
grid voltage. Potentiometer R3 permits 
the screen grid potential to be varied 
from zero to the maximum voltage of the 
screen supply. The milliammeter mA, 
measures the screen current. 
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Fia.1-43 Circuit for obtaining data to plot the 
characteristic curves of a tetrode. 


A. The Static Anode Characteristics 
Or €y—ty Curves 

To investigate the e,—72 relationship 
the grid voltage (Fig. 1-43) is first set at a 
small positive value and screen grid volt- 
age at its rated value. Then as the anode 
voltage is varied in steps from 0 volts 
up to the anode voltage rating of the 
valve, the corresponding values of anode 
current are recorded. The values of 
anode voltage are used as abscissae and 
the values of anode current as ordinates 
to plot points and so obtain the charac- 
teristic curve. By leaving the screen-grid 
voltage constant at the rated value, a 
family of anode characteristic curves 
(Fig. 1-44) may be obtained by repeating 
the above procedure for various values 
of F,. 

The individual e,—7, curves of the 
family (Fig. 1-44) have the same general 
shape and are almost parallel. However, 
these curves are very different in shape 
from those of a triode (Fig. 1-26) indicat- 
ing that the operation of this valve is 
quite different from that of a triode. An 
understanding of the operation of a 
tetrode may be obtained from a detailed 
study of one of these e,—7, curves. The 
interpretation of an e¢,—7, curve is made 
easier if, in the above procedure, the 
screen current is also recorded and these 
values plotted to obtain the correspond- 
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Fic.1-44 Tetrode static anode characteristics 
(€y —% curves). 
ing €—12,2 curve or screen characteristic 
curve as shown in Fig. 1-45. An under- 
standing of the reasons for the variations 
in current shown by the curves of Fig. 
1-45 provides in turn an understanding 
of the operation of a tetrode. 

Fig. 1-45 shows the variation of anode 
current and screen current for a valve 
with screen-grid voltage maintained 
constant. When the anode voltage is 
zero, screen current is high, few electrons 
pass the screen grid, and anode current 
is insufficient to show on the graph with 
the scale used. As anode voltage is 
applied, more electrons are attracted 
through the screen to the anode and the 
anode current increases, at the expense 
of the screen current. The dip in the 
anode current curve is caused by secon- 
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Fic.1-45 Tetrode static screen characteristic 
compared with anode characteristic. 
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dary electrons from the anode finding 
their way to the screen grid. When high- 
velocity electrons strike the anode they 
can dislodge loosely held electrons from 
the anode material. These latter are 
known as secondary electrons, and the 
process by which they are released is 
called secondary emission. Some of these 
electrons are dislodged with sufficient 
velocity to reach the region where the 
attraction of the screen grid is greater 
than that of the anode. These secondary 
electrons subtract from the anode cur- 
rent and augment the screen current. 
This condition prevails while e, is within 
the limits marked X to Y in Fig. 1-45, 
and between these limits anode current 
actually decreases as anode voltage is 
increased. Beyond Y the anode voltage 
is approaching the screen-grid voltage 
in value, and the region where the attrac- 
tion of the screen for secondary electrons 
is greater than that of the anode is pro- 
gressively reduced. Consequently more 
of the secondary electrons return to the 
anode and screen current begins to fall, 
as shown in the figure between Y and Z. 
Within these limits anode current rises 
rapidly as anode voltage is increased. 
When the anode voltage is much larger 
than the screen voltage, virtually all 
secondary electrons are attracted back 
to the anode. In addition, many elec- 
trons, which formerly were collected by 
the screen grid, are now travelling with 
sufficient velocity to pass through the 
screen grid and reach the anode. Anode 
current increases and screen current de- 
creases until anode current saturation 
is reached near W. 

Along the portion XY of the static 
€)>—t curve, where an increase in anode 
voltage causes a decrease in anode cur- 
rent the tetrode is said to have a negative 
a-c anode resistance. This property finds 
application in certain oscillator circuits, 
but in most applications is highly unde- 
sirable. For this reason the operating 
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Fra.1-46 Tetrode static mutual characteristics 
(€:—ty Curves). 
point of a tetrode is generally selected 
to be beyond point Z, where, in addition, 
the a-c anode resistance is very high. As 
a result the amplification factor of a 
tetrode is also very high, and the control 
grid is a great deal more effective in 
controlling anode current than it is in 
the case of a triode. 

The amount of secondary emission in 
a tetrode for given anode and screen 
potentials depends upon the material of 
which the anode is made. Carbon and 
graphite exhibit less secondary emission 
effect than most materials used in anode 
construction. 


B. The Static Mutual Characteristics 
Or €, —t Curves 


To investigate the relationship between 
the grid voltage and anode current the 
anode voltage (Fig. 1-43) is first main- 
tained constant at a suitable value and 
screen voltage HL. at its rated value. The 
grid voltage is varied in steps and the 
corresponding values of anode current 
are recorded. The values of grid voltage 
are used as abscissae and the values of 
anode current as ordinates to plot points 
and so obtain the characteristic curve 
(Fig. 1-46). The second curve shown is 
obtained by repeating the procedure with 
E, constant at another value and E,» ‘at 
its rated value. The shape of the static 
€-— 1, curve of a tetrode is similar to that 
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for a triode. The screen grid does not 
prevent the control grid from controlling 
the anode current. However, because the 
screen grid is at a high positive potential 
and is very close to the control grid, the 
control grid voltage must be very nega- 
tive before the anode current becomes 
zero. 


1.19 Values of the valve factors for a 
tetrode. The values of the transconduct- 
ance (gm) and anode resistance (r,) for a 
tetrode may be obtained from the e,—12, 
curves by the general methods outlined 
for the triode. 

In Fig. 1-47(a), A KLM is drawn 

along the linear portion of the e,—%, 
curve. When the curve is not entirely 
linear the tangent is drawn at the re- 
quired operating point. Thus the hy- 
potenuse of A KLM is the tangent to the 
curve at the operating point P. 
Aty 
IN 
LK 
LM 
ox i0cs 

2.8 
7141076 

Therefore the transconductance is 714 
micromhos. Values of gm for a tetrode 
range from about 500 to 3500 micromhos. 

In Fig. 1-47 (b) the anode resistance 
for operation at point P may be obtained 
by using A KLM. 
Then r, = Ae 
Art 
ML 
LK 
Sees 
2x 105% 
= 56,000 


Therefore the anode resistance is 56,000 
ohms. This is considerably larger than 
that for most triodes. Values of r, for 
tetrodes range up to about 1,000,000 


Then gm (for E, = 90V and 


E.2 = 80V) 


|| 


(for FE, = —1V and 
E.2 = 80V) 
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Fic.1-47 Method of obtaining values of the 
valve factors for a tetrode. 


ohms if the anode voltage is operated at 
near saturation voltage. 

The amplification factor is obtained 
from the product of the transconductance 
and the anode resistance. 

Then pw = GmXTa 

= 714X107 °X 56,000 = 40 
Thus the amplification factor is 40. In 
tetrodes the value of » ranges from about 
40 to 1500. 

Because of its low grid-to-anode capa- 
citance and high amplification factor the | 
tetrode is a useful amplifier at the lower 
radio frequencies. 


1.20 The pentode. In the application 
of tetrodes it is undesirable to operate on 
the negative resistance portion of the 
characteristic. Thus it is necessary to 
operate the anode at a high voltage in 
order to overcome the effects of secon- 
dary emission. In addition, in the ampli- 
fication process, since a varying voltage 
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is developed at the anode, the anode 
voltage may become less than the screen 
voltage when a large varying output 
voltage is developed across the anode 
load. When this occurs the undesirable 
effects of secondary emission are again 
encountered. As a result the available 
a-c voltage that is developed at the out- 
put of a tetrode is limited. These dis- 
advantages of the tetrode can be elimi- 
nated by the insertion of a third grid, 
the suppressor grid, between the anode 
and the screen grid. With this addition a 
five-electrode valve, called the pentode, 
is formed. The suppressor grid is con- 
structed of the same material as the 
other grids but its wires are more widely 
spaced. Fig. 1-48 shows the construc- 
tion and circuit symbol of a pentode. 
When the suppressor grid is operated 
at a potential which is negative with 
respect to the anode, usually by connec- 
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Fig.1-48 (a) Arrangement of electrodes in 
pentode (b) Circuit ae for h 
indirectly-heated cathod aioeres tke 
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ting it directly to the cathode, it counter- 
acts but does not prevent secondary 
emission. Even at low anode voltages, 
it repels the secondary electrons back to 
the anode and prevents them from form- 
ing a part of the screen current. When 
operated at cathode potential, the sup- 
pressor grid tends to decelerate the elec- 
trons from the cathode. However, their 
velocity is sufficient to carry them into 
the field of the anode which attracts 
them through the suppressor. 

A transmitter pentode (half actual 
size) is shown in Fig. 1-49. The parts 
and assembly steps for a metal-envelope 
receiver pentode (half actual size) are 
shown in Fig. 1-50. 

1.21 The characteristic curves of a 
pentode. The static characteristic curves 
may be obtained using corresponding 
values of current and voltage provided 
by the circuit of Fig. 1-51. 


Fia.1-49 A transmitter pentode. 
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Fia.1-50 Parts of a metal-envelope receiver pentode. 


A. The Static Anode Characteristics 
or €)—ty Curves 

The static e,—72z, curve is determined 
for a constant value of screen-grid volt- 
age. With E,.. constant at its rated 
value and the suppressor grid maintained 
at zero potential by connecting it to the 
cathode, the control-grid voltage is first 
set at 0 volts. Then as the anode voltage 
is varied in steps from 0 volts up to the 
anode voltage rating of the valve, the 
corresponding values of anode current 
are recorded. The values of anode volt- 
ages are used as abscissae and the values 
of anode current as ordinates to plot 


Fig.1-51 Circuit for obtaining data to plot the 
characteristic curves of a pentode. 
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Fic.1-52 Pentode static anode characteristics 
(€p —ty curves). 
points and obtain the characteristic 
curve. By leaving the screen-grid volt- 
age constant, a family of anode charac- 
teristic curves (Fig. 1-52) may be ob- 
tained by repeating the above procedure 
for various values of E,. 

From this typical family of curves it 
is seen that the rise in anode current in 
a pentode is very rapid. The negative 
slope portion seen in the tetrode curve 
has disappeared. The linear portion of 
the pentode static e,—72 curve extends 
over a much larger range of anode volt- 
age than in the case of the triode or 
tetrode. Since the linear portion of the 
pentode static e,—72 curve is so nearly 
horizontal, the anode voltage has prac- 
tically no control over the anode current 
and the anode resistance and the ampli- 
fication factor are very high. 


B. The Static Mutual Characteristics 
or €.—1, Curves 


The static e,—7, curve is determined 
for constant values of anode and screen- 
grid voltages. With EF, constant at a 
suitable value, E,2 at its rated value, the 
control-grid voltage is varied in steps 
from some negative value beyond cut-off 
up to zero and the corresponding values 
of anode current are recorded. The val- 
ues of grid voltage are used as abscissae 
and the values of anode current as 
ordinates to plot the points and so obtain 
the characteristic curve, as shown in Fig. 
1-53. The shape of this curve is similar 
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Fic.1-53 Pentode static mutual characteristic 
(€¢—t%y Curve). 
to the static e,—7% curve for a triode or 
a tetrode. 


1.22 Values of the valve factors for a 
pentode. The transconductance, g,, of 
the pentode for which the e,—7% curve 
is shown in Fig. 1-53 is calculated for 
the operating point P on the linear por- 
tion with the aid of triangle KLM. 
Aw 
Lez 
LK 
LM 
Tyo LO 
EOS 
= 21/0 X10-* 


Therefore the transconductance is 2170 
micromhos. Values of gm for pentodes 
are of the same order as those for triodes. 
The anode resistance, r,, of the same 
pentode is calculated for the operating 
point P by using triangle KLM along 
the static e,—-7, curve of Fig. 1-52. 
Ae 


In = 


(for EH, = 80V and 
Eee — 60V) 


(for EF, = —1V and 
E.2. = 60V) 
ees 
~ 0.9X 10-3 
= 222,000 
Therefore the anode resistance is 222,000 
ohms. For pentodes the values of r, 
range from about 100KQ to 1MQ. 
The amplification factor is the product 


VALVES 


of the transconductance and anode re- 
sistance. Since the value of the trans- 
conductance is approximately the same 
as that of a triode or tetrode while the 
anode resistance is much larger, the am- 
plification factor of a pentode is very 
large. For the same pentode, 
B= 9mXTa 

= 2.170 X 10-3 222,000 

= 480 
Therefore the amplification factor is 480. 
Values of uw for pentodes range from 
about 100 to 1500. 

The grid-to-anode capacitance for a 
receiver pentode is as low as .003 uuF. 
For a transmitter pentode, the grid-to- 
anode capacitance is only 0.15 uF as 
compared with 6 or 7 wuF for a trans- 
mitter triode. The pentode, therefore, is 
a very useful valve for amplification of 
voltages at moderate and high frequen- 
cies. The table at the bottom of this 
page gives examples of values of valve 
factors and interelectrode capacitances 
for triodes, tetrodes and pentodes of the 
receiving type. 

1.23 The beam power valve. In place 
of a suppressor grid to control the secon- 
dary electrons from the anode of a 
tetrode, it is possible to obtain the same 
effect by suitably spacing and shaping 
the electrodes and inserting two beam- 
forming plates. Fig. 1-54 shows the elec- 
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Fig.1-54 Arrangement of electrodes in a beam 
power valve. 


trode arrangement and distribution of 
electrons in such a valve, called a beam 
power valve. This valve is essentially a 
tetrode with the addition of two beam- 
forming plates which are connected in- 
ternally to the cathode so that these 
plates and the cathode have the same 
potential. The cathode is flattened as 
shown so that most of the electrons are 
emitted in a direction between the beam- 
forming plates as shown in the figure. 
Under the attraction of the anode and as 
a result of the lateral screening of the 
plates, the electrons emitted from the 
cathode form two beams between the 
plates. Each beam covers an angle of 
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Fia.1-55 Comparative e,—7, curves of an a-f 
power pentode and an a-f beam power valve of 
the same size. 


about 60°. The spacing between the 
screen grid and anode is greater than in 
the conventional tetrode. 

The screen grid of the beam power 
valve is maintained at a positive voltage 
equal to, or greater than, the anode 
voltage. Therefore, when the electrons 
pass the screen, they come into a region 
of relatively low field strength. The 
electrons slow down and a concentration 
of electrons is formed in the vicinity of 
the anode producing a region of mini- 
mum potential. As long as the anode 
potential is greater than this minimum 
potential any secondary electrons emitted 
from the anode are repelled back to the 
anode. 

The screen current is prevented from 
becoming excessive by the position of the 
screen grid in the valve. Because of its 
high positive potential the screen grid 
of a beam power valve would ordinarily 
draw a larger current than that of a 
pentode or tetrode. However each turn 
of wire of the screen grid is shaded 
from the cathode by a turn of the control 
grid. In addition, the negative potential 
of the control grid confines or focuses the 
electrons into beams between the control- 
grid wires so that the electrons travel 
between the screen wires as well. Only 
a few of the electrons are attracted to 
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the screen. Fig. 1-54 shows this focusing 
of the electron beam which causes it to 
pass between the turns of the screen 
grid. In this way the screen current and 
associated power loss are reduced to a 
minimum. 

Fig. 1-55 compares the static ¢—% 
curves of an a-f power pentode and an 
a-f beam power valve of the same size. 
Because of the effect of the beam focus- 
ing which allows few electrons to go 
astray and because of the low screen 
current, the anode current in the beam 
power valve rises to a larger value for a 
lower anode voltage than in the pentode. 
Hence the characteristic curve rises more 
steeply. As a result, the beam power 
valve has a longer linear range than a 
pentode. Thus, a beam power valve 
operated at the same voltages as a con- 
ventional pentode or tetrode provides 
higher anode current and so more power 
output for a given amount of cathode 
emission. 

In beam power pentodes a suppressor 
grid assists the space charge in prevent- 
ing secondary electrons from reaching 
the screen grid. 

1.24 The variable-mu pentode. In the 
valves previously discussed the grid wires 
are uniformly spaced. However in cer- 
tain pentodes the grid is constructed with 
a non-uniform mesh. Fig. 1-56 shows 
such a grid wound so that the spacing 
between wires is greater towards the 
center of the grid than towards the ends. 
In the end regions the grid exercises good 
control over the anode current. In the 


F1a.1-56 Control grid winding in a variable-mu 
pentode. 
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Fic.1-57 Comparative e,—% curves of remote 
cut-off and sharp cut-off pentodes. 


central region almost the same current 
aflows at all values of grid voltage since 
the wider spacing of the grid wires re- 
duces the control exercised by this por- 
tion of the grid. Cut-off is achieved at 
low values of negative grid voltage at 
the end regions where the grid wires are 
closely spaced. As the grid voltage pro- 
gressively becomes more negative the 
current is cut off closer and closer to the 
centre of the grid. Complete cut-off is 
finally achieved at a relatively high 
value of negative grid voltage. The 
greater the spacing of the grid in the 
central region, the greater is the cut-off 
voltage. This type of pentode is called 
a remote cut-off pentode. 

The static e,—7 curves for remote 
cut-off and sharp cut-off pentodes are 
shown in Fig. 1-57. The sharp cut-off 
pentode characteristic is almost linear 
and hence the value of transconductance 
is practically constant for all values of 
grid voltage. For the remote cut-off 
pentode, however, the transconductance 
decreases very gradually fromits constant 
value along the linear portion of the 
curve and does not finally become zero 
until the grid bias reaches a large nega- 
tive value about —30V. Thus changing 
the grid voltage gives a change in the 
transconductance and hence in the ampli- 
fication factor of the valve. As the grid 
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bias increases the amplification factor 
decreases. Because of this property, the 
valve is also called a variable-mu pentode 
or a super-control pentode. It is particu- 
larly useful as an r-f amplifier where 
automatic volume control is desired. 


1.25 Multi-purpose valves. 
A. Multi-Electrode Valves 


Valves containing more than three 
grids, an anode and a cathode are called 
multi-electrode valves. The anode current 
is controlled by voltages at various fre- 
quencies on several electrodes. Two 
common types of multi-electrode valves 
are the pentagrid converter and the penta- 
grid mixer, the circuit symbols of which 
are illustrated in Fig. 1-58 (a) and Fig. 
1-58 (b) respectively. 


B. Multi- Unit Valves 


A valve which contains within a single 
envelope two or more separate valve 
units is called a multi-unit valve. For 
example, Fig. 1-59 (a) shows the circuit 
symbol for a diode-triode. Each section 
functions in exactly the same way as if 
each had its own envelope; each section 
may be connected into two completely 
different circuits. Such a construction 
permits a few multi-unit valves to per- 
form the functions of a larger number of 
single-unit valves. The advantages are 
a saving in space and costs. Fig. 1-59 (b), 
(ce) and (d) show the circuit symbols 
for a twin diode, a twin triode and a 
triode-hexode respectively. 


= 


(a) (b) 


Fig.1-58 (a) Circuit symbol for a pentagrid 
converter (b) Circuit symbol for a pentagrid 
mixer. 
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(a) (0) 
(c) (d) 


Fic.1-59 Circuit symbols for (a) .diode-triode 
(b) twin diode (c) twin triode (d) triode-hexode. 

1.26 Gas-filled valves. A gas-filled 
valve, as its name implies, is one into 
the envelope of which a small amount of 
gas such as mercury vapour, neon or 
argon is introduced after evacuation. 
The presence of the gas inside the valve 
produces certain characteristics which 
make this valve very useful in many cir- 
cuits. In the valves already discussed 
the presence of a slight trace of gas such 
as air has very undesirable effects. In 
the first place, electrons travelling to the 
anode strike gas molecules and these 
molecules break up into positive ions and 
negative electrons. The positive ions are 
heavy and move towards the negatively 
charged cathode. At normal operating 
voltages the cathode surface is damaged 
by the bombardment of positive ions. 
Since most receiver valves contain oxide- 
coated or thoriated-tungsten cathodes, 
this positive-ion bombardment destroys 
the emitting surface. Secondly, in valves 
containing a control grid another serious 
effect occurs as a result of the ionization 
of the gas. Positive ions are attracted 
to the grid which is normally at a nega- 
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tive voltage. The control grid becomes 
coated with positive ions. Hence its 
negative charge is reduced and the anode 
current increases. This process continues 
until the grid becomes so positively 
charged that an excessive anode current 
flows and the valve is destroyed by the 
heat developed. Thirdly, the slower- 
moving positive ions, attracted to the 
cathode, gather near the cathode at low 
anode voltages. The effect of the nega- 
tive electron space charge is nullified and 
saturation current may be drawn. The 
valve no longer operates over the linear 
portion of its characteristic and thus is 
not fulfilling its function. 

However, these effects which are un- 
desirable in high-vacuum valves are put | 
to use in certain gas-filled valves which 
are usually diodes or triodes. The diodes 
are operated with either heated or un- 
heated cathodes and are called hot- 
cathode gas diodes or cold-cathode gas 
diodes respectively. The triode gas valve, 
which is operated with a heated cathode, 
is called a thyratron. The presence of gas 
in valves is indicated in circuit symbols in 
this text by diagonal lines as in Fig. 1-60. 
Another convention is to use adot in place 
of the diagonal lines. 

Gas valves are also called soft valves 
since the presence of the gas causes the 
degree of evacuation to be relatively low. 
When the gas within is ionized these 
valves give off a luminous glow, the 
color of which depends upon the kind 
of gas used. For example, mercury 
vapour, neon and argon give blue, orange 
and purple glows respectively. 


_Fic.1-60 Circuit symbol for a hot-cathode gas 
diode. 


VALVES 


Vanes and cylinder ---~ | a 
(oxide coated) 


1:37 


Fi1a.1-61 Shapes for cathodes of gas valves (a) Spiral (b) Crimped ribbon 
(c) Concentric hollow cylinders. 


A. Hot-Cathode Gas Diode 

A hot-cathode gas diode usually con- 
tains mercury vapour in equilibrium with 
a few drops of liquid mercury. When the 
filament is heated and a positive poten- 
tial is applied to the anode, an anode 
current flows. The electrons leaving the 
cathode encounter and collide with the 
molecules of the gas. When the anode 
potential is sufficiently positive the elec- 
trons colliding with the gas molecules 
have sufficient velocity to break up these 
molecules into positive ions and electrons. 
The electrons released by the collisions 
then join the original electron stream and 
may be capable of liberating other elec- 
trons in a similar manner. This process 
becomes cumulative and is called zon- 
ization of the gas molecules. The gas 
diode has molecules, positive ions and 
free electrons within the envelope. The 
free electrons, greatly increased in number 
by the ionization process, travel to the 
anode. The heavier positive ions drift 
toward the cathode. 

When the positive ions reach the 
space charge surrounding the cathode, 
the free electrons in the space charge 
combine with them to re-form gas mole- 
cules. The space charge is almost com- 
pletely neutralized and the full cathode 
emission can flow to the anode with a 
much lower anode voltage than in a 
high-vacuum diode. This lower voltage 


is usually of the order of 10—15V. There 
are several advantages resulting from the 
neutralization of the space charge. 

(i) Indirectly-heated oxide-coated 
cathodes which are more efficient 
than directly-heated types may be 
used. This is permissible because, 
with the low anode voltage, the 
positive ions are moving too slowly 
to cause disintegration of the 
cathode. 


(ii) It is possible to use cathodes which 
are constructed with various shapes 
such as spirals, Fig.1-61(a), crimped 
ribbons, Fig.1-61(b), and concentric 
hollow cylinders, Fig.1-61 (c), 
coated on the inside and outside to 
give a large emitting surface. The 
positive ions can penetrate into the 
hollows and enclosures to neutralize 
the space charge. 

Gii) The spacing between anode and 
cathode may be increased, thus 
allowing for larger cathode struc- 
tures and at the same time permit- 
ting a reasonably large negative 
anode voltage. 


The energy required to dislodge elec- 
trons from their orbits to produce ioniza- 
tion is supplied by means of the voltage 
between the anode and cathode. There 
is a certain anode voltage at which ion- 
ization occurs for each gas-filled valve. 
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The anode potential at which ionization 
commences is known as the zonzzation 
potential, striking potential or firing point. 
When the striking potential is reached 
the entire cumulative process of ioniza- 
tion is virtually instantaneous and a large 
current flows through the valve. 
ionization has started, the ionization can 
be maintained by an anode potential 
which is considerably lower than the 
striking potential. However, a minimum 
voltage exists which is needed to main- 
tain the ionization. If the anode voltage 
falls below this value, the gas de-ionizes 
and the anode current decreases sud- 
denly to a very small value. This critical 
voltage is known as the de-zonizing poten- 
tial or extinction potential. 

A gas diode can be used as an elec- 
tronic switch. At the striking potential 
the valve ionizes and permits a large 
current to flow, then at the extinction 
potential the valve de-ionizes blocking 
current flow. This valve in a circuit 
presents a very low resistance when 
ionized but an almost infinite resistance 
when de-ionized. 

An anode characteristic for one hot- 
cathode gas diode is shown in Fig. 1-62. 
The change in anode current for a change 
in anode voltage is very small for anode 
voltages below the ionization potential. 
At the ionizing potential the anode cur- 
rent increases very suddenly to its high 
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Fic.1-62 An anode characteristic for a hot- 
cathode gas diode. 
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Frq.1-63 Circuit arrangement of a hot-cathode 
gas diode. 


saturation value. If the anode voltage 
is increased beyond striking voltage there 
is little further change in current. How- 
ever, the velocities of the positive ions 
are increased and their bombardment 
may destroy the cathode. At anode volt- 
ages below 22V for this particular valve 
the velocities of the positive ions are nov 
sufficient to cause damage. Therefore 
when a high voltage is used a resistor 
must be connected in series with the gas 
diode (Fig. 1-63) in order to limit the 
current to some value less than satura- 
tion. Most of the applied high voltage 
appears across the resistor and a small 
voltage about equal to the ionizing poten- 
tial appears across the valve. 

Example. If the saturation current of a 
mercury-vapour diode is 2A and the 
ionization potential is 20V, calculate the 
smallest possible value of a load resistor 
that could be used in series with the 
diode, when E,, = 200V. 

Voltage across the valve = 20V 

Voltage across the resistor = 180V 

Maximum current in the resistor = 2A 

Minimum value of R ante) = 90 
Therefore the minimum value of the re- 
sistance is 90 ohms. 

The ionization potential depends on 
the pressure of the gas. If the pressure 
were lowered in a particular valve a 
higher anode voltage would be required 
to cause ionization. At this high voltage, 
positive-ion bombardment might damage 
the cathode. If the pressure of the gas 


VALVES 


were raised, electron emission would be 
reduced and again a higher anode poten- 
tial would be required for ionization, with 
consequent damage to the cathode. In 
mercury-vapour diodes the pressure is 
usually within the range 1x10~-* to 
30X10-® mm. of mercury. Since the 
pressure of the gas depends on the tem- 
perature, the temperature must remain 
within certain limits in order that the 
pressure may be correct. Since the re- 
quired temperature for a high-power 
valve is considerably above room tem- 
perature, the valve should be heated 
before the anode voltage is applied. This 
is usually accomplished by applying the 
filament voltage first and allowing the 
heated filament to warm up the valve. 
By the use of a time-delay relay the 
anode voltage can be automatically ap- 
plied after a suitable warming-up period. 

The chief advantage of a gas diode is 
that current as high as saturation current 


Fiq.1-64 A mercury-vapour diode rectifier. 
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Fic.1-65 Cathode of mercury-vapour diode 
consisting of zig-zag ribbon. 


may be obtained for anode voltages as 
low as 15 to 20V. The valve’s internal 
resistance and the valve’s power loss are 
low. Gas diodes are used primarily as 
rectifier valves. Fig. 1-64 shows a mer- 
cury-vapour diode rectifier. This valve 
operates with a filament voltage of 5V 
and a filament current of 7.54. The 
anode current may be as high as 5A. 
The ionization potential is about 10 volts. 
The filament must be heated for 30 
seconds to heat the mercury vapour to 
its operating temperature before the 
anode voltage is applied. 

For low-power applications the con- 
struction of the anode and cathode is 
similar to that used in high-vacuum 
diodes. If the gas valve is required to 
conduct large currents such as the one 
described above, the cathode consists of 
a heavy coiled or zig-zag ribbon to pro- 
duce the required heavy emission. Such 
a cathode is shown in Fig. 1-65. To 
increase the emission efficiency of the 
cathode, the heat it radiates is retained 
by a cylinder surrounding the cathode 
as in Fig. 1-64. The inside of the cylinder 
which is oxide-coated is heated by this 
radiation to a temperature sufficient to 
cause emission. Thus the heat radiated 
by the cathode is not wasted. With this 
construction, the emission efficiency may 
be as high as 1.25A per sq. cm. per watt 
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compared to the maximum of 125mA 
per sq. cm. per watt for the construction 
of oxide-coated cathodes described in 
section 1.7. Such a cathode is said to 
have a high thermal efficiency. The anode 
is a small, flat, inverted cup of metal at 
the top of the valve. 

A disadvantage of a gas diode is the 
possibility of conduction in the reverse 
direction through the valve when the 
anode is at a negative potential with 
respect to the cathode. In some circuits 
this voltage in the reverse direction 
reaches a high value but for proper 
operation the diode must not conduct. 
If this inverse voltage is too large, the 
free electrons which are always present 
to some extent in an un-ionized gas are 
accelerated toward the cathode with suffi- 
cient velocity to cause a sudden ioniza- 
tion of the gas. A large destructive cur- 
rent then flows through the valve from 
anode to cathode. This flow of current 
in the reverse direction through a valve 
is called arcing or arc-back. Hence a 
valve with a given spacing between 
anode and cathode can be used in circuits 
with a-c voltages provided the peak nega- 
tive voltage or peak inverse voltage is less 
than the critical arcing voltage. For the 
valve shown in Fig. 1-64, the peak in- 
verse voltage allowable is 10,000 volts 
provided the temperature outside the 
valve, or ambient temperature, remains 
within the range 20 to 60°C. Should the 
ambient temperature reach 70°C the gas 
pressure inside the valve increases and 
the maximum peak inverse voltage is 
only 5,000V. 


Anode 


Cathode 


Fra.1-66 Circuit symbol for a cold-cathode gas 
diode. 
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Fra.1-67 An é)—% curve of a cold-cathode gas 
diode. 

B. Cold-Cathode Gas Diodes 

A cold-cathode gas valve contains an 
unheated cathode and a small amount 
of inert gas such as neon or argon. Valves 
employing neon are referred to as neon 
valves. Due to the action of light or other 
stray radiation some free electrons exist 
in the gas. When a positive voltage is 
applied to the anode these electrons are 
attracted to the anode and a small cur- 
rent flows. When the anode voltage 
increases to a certain positive value the 
velocity of these electrons is sufficient to 
cause ionization of the gas. Positive ions 
drawn to the cathode form a large posi- 
tive space charge surrounding the 
cathode. Electrons are pulled from the 
cathode by the large electrostatic field 
created between the cathode and the 
positive space charge. It is possible that 
some secondary emission due to positive- 
ion bombardment may take place from 
the cathode. As a result when ionization 
occurs a large anode current suddenly 
flows. The gas is said to break down at 
this value of anode voltage which is, as 
before, called the striking voltage. 

The circuit symbol of a cold-cathode 
gas diode is shown in Fig. 1-66. The 
€)—ty curve of such a valve is shown 
in Fig. 1-67 and may be obtained using 
the circuit shown in Fig. 1-68. The 
resistor & is included in the circuit to 
limit the current through the valve to a 
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Fia.1-68 Circuit for obtaining data to plot the 
€y —t» curve of a cold-cathode gas diode. 


safe value. The value of the anode 
current at anode voltages lower than the 
breakdown voltage is of the order of 
microamperes. At the striking voltage 
the current suddenly becomes larger and 
is limited only by the resistance R. At 
the same time the voltage across the 
valve drops to its operating value. This 
is a steady voltage which is maintained 
as long as the gas is ionized. The striking 
potential is about one-third higher than 
the operating voltage. After striking, the 
current through F is just sufficient to 
drop the voltage across the valve to the 
operating value. For a neon valve this 
is about 150 volts. Cold-cathode gas 
diodes are also constructed with operat- 
ing voltages of 75 and 105 volts. If the 
applied voltage is increased the valve 
current increases. However, the p.d. 
across the resistance also increases, leav- 
ing the voltage across the valve the same 
as before. Hence the valve current may 
vary from 5 to 25mA but the anode 
voltage remains constant at the operat- 
ing voltage. Because of constant anode 
voltage during operation, cold-cathode 
gas valves are used as voltage regulators. 
Fig. 1-69 shows a cold-cathode gas valve. 
The valve shown has a breakdown volt- 
age of about 180V and its operating 
voltage is 150V. The permissible varia- 
tion in current is from 5 to 30mA. 

The breakdown voltage depends on 
the kind of gas used, the pressure of the 
gas and the spacing between the anode 
and cathode. After breakdown the valve 
gives off a luminous glow. 
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1.27 The thyratron. The thyratron is a 
hot-cathode mercury-vapour triode. 

With control grid operated at zero 
potential, the mercury vapour becomes 
ionized and saturation current flows at 
an anode voltage of about 22V. If 
the grid voltage is made negative, a 
higher anode voltage is required to pro- 
duce ionization. This effect occurs be- 
cause the negative grid voltage decreases 
the velocities of the electrons. Ionization 
occurs only when the anode voltage is 
increased to the value at which the elec- 
tron velocities are sufficiently great to 
produce ionization. The more negative 
the grid voltage, the higher is the ioniza- 
tion potential. Thus, the control-grid 
voltage determines the potential of the 
anode at which ionization occurs. 

Once saturation current flows, the con- 
trol grid has no further control over the 
anode current. This situation results 
from the formation of a sheath of posi- 
tive ions around the control grid, which 
nullifies the negative grid voltage. When 


Fia.1-69 A cold-cathode gas valve. 
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Fig.1-70 A thyratron. 


this happens, a small grid current may 
flow. Its value is reduced by a series 
resistor in the grid circuit. 

Increasing the negative voltage on the 
control grid does not de-ionize the valve. 
In order to cut off the thyratron, the 
anode voltage must be reduced to a value 
lower than that necessary to maintain 
ionization. 

One type of thyratron construction is 
shown in Fig. 1-70. The construction of 
this thyratron is similar to that of a 
high-vacuum triode. An oxide-coated 
cathode is surrounded by a control grid 
in the form of a spiral which in turn is 
enclosed by a cylindrical anode. The 
circuit symbol of a thyratron is shown 
in Fig. 1-71. 


Anode 


Control grid 


Heater 


Fia.1-71 Circuit symbol for a thyratron. 
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Fic.1-72 Arrangement of electrodes in one type 
of thyratron. 


Another type of construction is shown 
in Fig. 1-72. The anode of this thyratron 
is a small circular plate made of carbon- 
ized nickel to increase its ability to 
radiate heat. Since the voltage across 
the valve is always less than about 22V 
due to the action of a current-limiting 
resistor in series with the valve, the 
cathode is of the oxide-coated type. At 
such a low voltage, positive-ion bom- 
bardment is not injurious to the oxide- 
coating. The cathode is the same as the 
type described in the section on hot- 
cathode gas-filled diodes. The contro- 
grid consists of a metal cylinder surl 
rounding both the anode and cathode. 
A small horizontal baffle with one’ or 
more apertures fits closely into the 
cylinder between the anode and cathode 
and is also part of the grid. This cylinder 
shields the action of the valve from the 
effect of charges which may collect on 
the glass envelope. These charges are 
then prevented from interfering with the 
control of the grid over the striking 
potential of the anode. The baffle also 
repels stray electrons away from the 
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Fie.1-73 Circuit for obtaining data from which 
to plot the e, —% curve of a thyratron. 


anode, keeping the anode current 
negligible for anode voltages less than 
the striking voltage. 

The e,—2 curves of a thyratron may 
be obtained using the circuit shown in 
Fig. 1-73. The grid potential is set at 
some negative value by means of the 
potentiometer Ry. The resistance R, 
limits the grid current after ionization. 
The grid voltage H, is measured by the 
voltmeter V2 and the grid current by the 
milliammeter mA. The anode voltage 
€, measured by the voltmeter V, is 
gradually increased from zero by the 
potentiometer R;. The discharge current 
1y is observed by means of the milliam- 
meter mA,. R; is a series resistor which 
limits the voltage across the thyratron 
during ionization to a safe value of about 
22V. Then, by means of R,, the anode 
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Fig.1-74 Thyratron e,—72 curve. 
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voltage is reduced to zero again, and the 
process repeated for a different value of 
control-grid voltage. The resulting e, —2, 
characteristic curve is shown in Fig. 1-74. 

When E, = OV the thyratron acts as a 
gas diode. The striking potential is about 
22 volts and when this voltage is reached 
the current tends to rise rapidly to satura- 
tion. However the limiting resistor R; 
sets the value to which the anode current 
rises. As the voltage is further increased 
the anode current rises linearly in a 
manner determined by the value of R3. 
This happens because the resistance of 
the valve when it is ionized is very small 
and hence &; alone controls the current. 
With FL, = OV a characteristic is drawn 
for the range of anode voltages from 
0-250V and load resistance R3. When 
E, has some other negative value the 
anode voltage necessary for ionization is 
increased, but when the valve ionizes the 
current rises immediately up to the same 
E, = OV characteristic. When #, = —3V 
the striking voltage is 42V and when 
E, = —15V the striking voltage is 220V. 
After striking the e, —7, characteristic is a 
straight line. 

There is no useful e, —7, curve since the 
grid has no control over the anode cur- 
rent during ionization. However, another 
useful curve, in which the striking anode 
voltage is plotted against the control grid 
voltage, is shown in Fig. 1-75. This is 
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Fia.1-75 Graph of striking voltage vs control- 
grid voltage. 
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F1q.1-76 Arrangement of electrodes in an electrostatic cathode-ray tube. 


useful in determining the grid striking 
voltage for any value of Epp. 

The thyratron acts as an open circuit 
before discharge and as a. very low resist- 
ance during discharge. The voltage of the 
control grid changes the thyratron from 
the first condition to the second but it is 
the anode voltage which must be re- 
duced in order to return the thyratron 
to its non-conducting state. A thyratron 
is used as an electronic switch which acts 
almost instantaneously. Only about 10 
microseconds are required for the dis- 
charge to reach full value after striking. 
About 100 to 1000 microseconds are re- 
quired for the gas to de-ionize depending 
on the kind of gas used. The de-ioniza- 
tion times are less for valves containing 
inert gases such as neon or argon. These 
gases permit normal operation over a 
wider range of temperature than mercury 
vapour. However, a mercury-vapour 
valve has a lower resistance when con- 
ducting and can also withstand a higher 
peak inverse voltage. 

The thyratron shown in Fig. 1-70 ape 
the following ratings: 

Heater voltage 6.3V 

Heater current 0.64 

Voltage drop across the valve 10 to 24V 

Max. peak inverse voltage 350V 

Max. anode current 300mA 

Temperature range 35 to 75°C 

1.28 Cathode-ray tube. The cathode- 


ray tube is a type of valve in which elec- 
trons emitted from a cathode are moved 
at a high velocity, formed into a narrow 
beam and then allowed to strike a chemi- 
cally prepared screen which fluoresces 
when bombarded by electrons travelling 
at high speed. The cathode-ray tube is 
the fundamental device used for visual 
indication in radar, television and general 
radio repair and research work. Because 
the electrons in the beam are very light, 
the beam may be deflected very rapidly. 
This property enables the cathode-ray 
tube to be used at frequencies much 
higher than those possible with any other 
type of indicating or measuring device. 

Cathode-ray tubes can be divided into 
two general types, electrostatic and elec- 
tromagnetic, depending upon the method 
of focusing and deflecting the electron 
beam. 


A. The Electrostatic Cathode-Ray Tube 

In this type of cathode-ray tube the 
focusing and deflection of the electron 
beam is done by means of electrostatic 
fields. The components of one electro- 
static cathode-ray tube are illustrated in 
Fig. 1-76. Fig. 1-77 shows a cut-away’ 
photograph of an electrostatic cathode- 
ray tube which has a screen 5 inches in 
diameter. 


1. CATHODE. 
The cathode produces the stream of 
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Fiae.1-77 A 5-inch electrostatic cathode-ray tube. 


electrons. It is usually indirectly heated 
and consists of a nickel cylinder or 
sleeve, capped with oxide coating only 
at the end. This ensures emission in the 
desired direction only. The heater is a 
tungsten-wire filament which is wound 
in the form of a non-inductive double 
spiral. This construction tends to cause 
any magnetic field which might affect 
the electron beam to be cancelled. The 
magnetic field of half the winding is can- 
celled by the equal but opposite mag- 
netic field of the other half. The heater 
coil is insulated and inserted into the 
cathode sleeve. To provide good heat 
conduction the insulating material of the 
heater coil makes contact with the nickel 
sleeve. 
2. GRID. 

The grid is used to control the in- 


tensity of the beam. It is a cylindrical . 


sleeve completely enclosing the cathode 
except for a small opening opposite the 
oxide coating. This opening permits the 
passage of a narrow beam of electrons 
which are travelling toward the screen. 
The potential of the grid is usually main- 
tained negative with respect. to the 
cathode. The attraction of the electrons 
from cathode to anode may be lessened 
by an increased negative voltage on the 
grid. The control of the grid potential 
gives control of the number of electrons 
in the beam and hence permits control 
of the brightness of the spot on the screen. 


In addition a focusing action takes 
place as the electrons pass through the 
electrostatic field between the grid and 
cathode. This field is represented in 
Fig. 1-78. An electron emitted in the 
direction KA is repelled by the electro- 
static field which tends to move the 
electron in a downwards direction. As a 
result, the electron is deflected and fol- 
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Fia.1-78 Focusing action as a result of elec- 
trostatic field between control grid and cathode. 
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lows the path KCP through the aper- 
ture. Similarly, an electron emitted in 
the direction KB is deflected upwards to 
travel along the line KDP through P 
The electrons emitted in the directions 
between KA and KB are deflected to a 
lesser extent and also tend to go through 
the point P. Thus the grid concentrates 
the electrons into a narrow beam and 
causes the beam to have a cross-over 
point in front of the aperture in the 
control grid. 

3. Focustnc ANODE AND ACCELERATING 

ANODE. 

Although the grid helps to narrow the 
electron beam, it is not capable of suffi- 
cient focusing action. The beam is 
focused at the cross-over point a short 
distance from the grid aperture but be- 
yond that point it tends to diverge again. 
The function of the first and second 
anodes is to focus the electron beam 
again into a well defined point at the 
screen and to provide acceleration of the 
electrons in the beam so that they have 
sufficient velocity to cause fluorescence 
when they strike the screen (Fig. 1-76). 

The first anode is operated at a positive 
potential of about 300-500 volts with 
respect to the cathode. The first anode 
attracts the electrons from the cathode 
and these form a beam which enters the 
central regions of the two anodes. Both 
the first and second anodes are cylindri- 
cal and hollow and contain diaphragms 
with very small apertures at the center. 
Stray electrons are collected by these 
diaphragms and only those electrons 
which are moving straight down the tube 
near the axis are allowed to pass. 

The second anode, placed next to the 
first anode, is slightly larger in diameter. 
This second anode is maintained at a 
very high positive potential with respect 
to the cathode, that is, about four or five 
times that of the first anode. This 
potential difference results in a large field 
between the first and second anodes 
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Fic.1-79 Electrostatic field between first and 
second anode producing focusing action. 


which causes a large acceleration of the 
electrons in the beam. For this reason 
the second anode is sometimes called the 
accelerating anode. 

The electrostatic field between the two 
anodes produces the focusing action on 
the electron stream. The shape of the 
field is shown in Fig. 1-79. An electron, 
if placed at a point in this field, would 
move in the direction of the lines of force 
shown in the diagram. Hence, the elec- 
trons begin to converge rapidly in the 
region of the first anode. As they enter 
the second anode, they are greatly ac- 
celerated by the high potential. The 
lines of force also change direction so 
that as the electrons pass quickly through 
the second anode they tend to converge 
less rapidly. Thus after the beam has 
passed through anode 2, a second cross- 
over point occurs. This point of con- 
vergence is at G. The potential differ- 
ence between the two anodes determines 
the strength of the field and hence the 
position of G. In practice the second 
anode is held at a constant potential 
while the potential of the first anode is 
varied so that the focal point is at the 
fluorescent screen. Since the potential 
of the first anode is varied to focus the 
beam it is sometimes called the focusing 
anode. 

The electrodes of the cathode-ray tube 
which produce, accelerate and focus the 
electron beam make up what is known as 
the electron gun. Thus the electron gun 
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Fic.1-80 The electron gun of an electrostatic cathode-ray tube. 


consists of the cathode, control grid and 
two anodes (Fig. 1-80). 

In the construction of the electron gun 
of some cathode-ray tubes more than 
two anodes or physically split anodes are 
used. Fig. 1-81 shows the cathode ar- 
rangement in a 7-inch electrostatic c.r.t. 
The cylindrical anode (1) adjacent to the 
control grid is an accelerating anode. 
The circular dise (2) which follows is the 
focusing anode. The short cylinder and 
attached circular dise (3) is electrically 
connected to the first cylindrical anode 
as shown. Together these two anodes 
become the accelerating anode structure. 
In this case the accelerating anode may 
be considered as a split-anode structure. 
Besides providing additional electron 
acceleration this arrangement isolates 
the focusing anode from the control grid 


Fia.1-81 Anode arrangement in a 7-inch 
electrostatic c.r.t. 


and so effectively reduces any inter- 
action between intensity and focus con- 
trol adjustments. This placement of the 
focusing anode permits use of a larger 
aperture reducing current drawn from 
the beam by this anode and so reducing 
its effect on the intensity of the beam. 
4. DEFLECTION PLATEs. 

The deflectcon plates provide a means of 
deflecting the electron beam as a whole 
either vertically or horizontally. Two 
pairs of plates (Fig. 1-76) are mounted 
in the neck of the tube and situated so 
that the electron beam passes between 
each pair. The second pair of plates is 
arranged at right angles to the first pair. 

Since the electrons which make up the 
electron beam are negative particles of 
electricity, their movement and hence 
the deflection of the beam as a whole is 
governed by the law of attraction and 
repulsion of charges, that is, like charges 
repel each other while unlike charges 
attract. Thus a positively charged de- 
flecting plate attracts the beam while a 
negatively charged deflecting plate repels 
its 

To understand fully the action of the 
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Vertical deflection 
plates 


F1q.1-82 Deflection plates of an electrostatic 
c,r.t. 


deflection plates consider first Fig. 1-82 
(a). After leaving the second anode, the 
beam passes between the vertecal-deflec- 
tion plates. With no voltage applied to 
these plates and with the intensity and 
focus controls adjusted for optimum per- 
formance the beam causes a brilliant, 
well defined spot of light to appear on 
the screen at O. When a positive poten- 
tial is applied to the upper plate and a 
negative potential to the lower plate an 
electrostatic field exists between these 
plates. When electrons of the beam pass 
through the electrostatic field between 
the plates they tend to drift towards the 
positive plate. However, the speed of 
the electrons is sufficient to allow them 
to pass through between the plates and 
the spot on the screen appears at some 
point A above O. When the potentials 
applied to these plates are reversed, the 
beam is deflected vertically downward 
and the spot appears at B below O. 
After leaving the vertical-deflection 
plates, the beam passes between the 
horizontal-deflection plates, Fig. 1-82 (b). 
Horizontal deflection is effected in the 
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same manner as is vertical deflection. 
By changing the horizontal deflection 
voltage, the spot on the screen can be 
made to move from O to any point on 
the line CD. The vertical-deflection 
plates are sometimes called the Y-plates 
and the horizontal-deflection plates the 
X-plates; these alternative names are 
given because the direction of the motion 
of the beam across the screen caused by 
each set of plates in turn corresponds to 
the co-ordinate axes of a graph placed 
on the screen. 

The amount the electron beam is de- 
flected from its normal position depends 
on the velocity of the beam and the 
strength of the deflecting field. The dis- 
tance the spot is moved, in millimeters, 
across the screen by a difference in 
potential of one volt d-c between the 
deflecting plates is called the deflection 
sensitivity of the tube. The deflection 
sensitivity may be increased by increas- 
ing the distance from the deflection plates 
to the screen but this would increase the 
physical length of the tube. In addition 
the deflection sensitivity may be in- 
creased by increasing the length of the 
deflection plates. The field is effective 
on the beam for a longer period of time 
so that greater deflection of the beam 
can be caused. In this case the ends of 
the plates nearest the screen must be 
bent away from the tube axis so that 
the electron beam will not strike the 
plates when it is deflected. Typical de- 
flection sensitivities range from .034 to 
.34mm. per volt d-c. Amplifier circuits 
can be used to increase the amplitude 
of the deflection voltages in order to in- 
crease the deflection for a given applied 
voltage. 

Most of the important applications of 
the electrostatic cathode-ray tube re- 
quire that voltages be applied to each 
pair of deflection plates at the same time. 
The electron beam is then continually 
acted upon by two forces at right angles 
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Fic.1-83 Position of spot on screen under 
action of deflecting voltages applied across de- 
flecting plates. 


to each other. Consider the effect of a 
d-c positive voltage applied to the upper 
Y-plate. The spot moves from its 
normal position O to the point A as 
shown in Fig. 1-83. If this voltage re- 
mains constant, and a positive voltage is 
applied to the right X-plate, the spot 
moves from A to B. If the order in 
which these voltages are applied is re- 
versed, the spot moves from O to C and 
then from C to B. If each of the voltages 
is continuously increased from zero to 
its final value at the same time, the spot 
moves along the line OB. Thus the 
resultant of the two forces tending to 
move the spot to A and to C is the force 
which moves the spot to B. 

When an alternating voltage of low 
frequency is applied to a pair of deflec- 
tion plates, the spot moves back and 
forth across the screen. If the frequency 
of this applied voltage is increased be- 
yond a certain limit it becomes impossible 
for the eye to follow the motion of the 
spot. Due to persistence of vision the 
path of the spot appears as an illumi- 
nated line. In most cases this frequency 
at which the moving spot produces a 
continuous line or trace on the screen 
is about 20 c/s. 

Since the electrons in the beam have 
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negligible mass and hence negligible 
inertia, the beam can be moved very 
rapidly. The beam responds to deflecting 
voltages at frequencies ranging up to 
several hundred megacycles per second. 

The deflection plates are usually con- 
nected to, and hence have the same 
potential as, the second anode which is 
operated at a potential of several thou- 
sand volts positive with respect to the 
cathode. If the cathode is connected to 
ground this arrangement is dangerous to 
personnel since the connections to the 
deflection plates are handled in experi- 
mental work. Therefore it is more usual 
to operate the second anode and the 
deflection plates at ground potential. In 
order that the second anode be positive 
to the cathode, the cathode must be 
operated at a high negative potential. 

5. SCREEN, 

The screen at the viewing end of the 
tube consists of a thin interior coating of 
fluorescent material Such substances as 
willemite (zine orthoscilicate) emit light 
when struck by fast moving electrons. 
Different substances give different 
colours; willemite gives predominantly 
green light; zinc beryllium silicate, yellow 
light; zine oxide, blue light; a mixture 
of zine sulphide and cadmium sulphide, 
white light. The duration of afterglow 
or phosphorescence called the persistence 
varies with the material. Tubes used for 
test purposes generally use a substance 
having a short persistence while tubes 
used to observe periodic phenomena 
which occur at a low repetition rate re- 
quire a fluorescent material having a 
long persistence. 

6. ENVELOPE. 

The glass envelope enlarges toward the 
screen end which may have a diameter 
up to the order of 24 inches. 

Nearly all cathode-ray tubes, whether 
electrostatic or electromagnetic, are 
coated near the screen on the inside of 
the glass envelope with aquadag which is a 
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Fra.1-84 Arrangement of electrodes in a 7-inch 
electrostatic cathode-ray tube. 


form of graphite. When the high velocity 
electrons in the beam strike the fluores- 
cent screen, secondary electrons are 
emitted. The main function of the aqua- 
dag is to collect the secondary electrons 
and conduct them back to the anode 
circuit. This prevents any accumulation 
of static charge on the viewing end of 
the tube, thereby eliminating the danger 
of shock. Stray charges which may 
collect on the walls of the envelope and 
affect the direction of the electron beam 
are also conducted back to the anode 
circuit. Another function of this graphite 
coating is to provide shielding for the 
electron beam. In some cathode-ray 
tubes, the aquadag is connected to a 
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high positive potential to act as an 
accelerating electrode. 

Fig. 1-84 shows a 7-inch cathode-ray 
tube structure using electrostatic de- 
flection. 


B. The Electromagnetic 
Cathode-Ray Tube 


The electromagnetic cathode-ray tube 
uses an electromagnetic method of focus- 
ing and deflecting the electron beam. In 
all other respects it differs little from the 
electrostatic type. Electromagnetic focus- 
ing has the advantage of giving a sharper 
picture on the screen. Electromagnetic 
deflection also has advantages where a 
rotating sweep is used. 

The elements of an electromagnetic 
cathode-ray tube are shown in Fig. 1-85. 
The cathode and grid structures are 
similar to those used in the electrostatic 
type. The first anode is cylindrical, with 
a small aperture in one end to define the 
beam. Its potential, which is positive 
with respect to the cathode, gives the 
electrons their initial acceleration. 
Further acceleration is obtained by the 
potential on the aquadag coating, which 
is still more positive with respect to the 
cathode. The screen is a fluorescent 
coating at the end of the tube on the 
inside of the envelope. The tube shape 
is different from that of the electrostatic 
type and the tube is usually shorter. This 
shorter length of the tube requires the 
anode voltages to be higher in order to 
produce the acceleration of the electrons 
necessary to obtain suitable fluorescence. 
1. Focusina. 


To understand the action of magnetic 
focusing it is well to review the effect of 
a magnetic field upon a current-carrying 
conductor. An electric current in a con- 
ductor consists of a stream of electrons 
and a magnetic field exists about the 
conductor. If such a current-carrying 
conductor is placed at right angles to a 
uniform magnetic field, interaction of the 
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Fic.1-85 Electrode arrangement in an electromagnetic cathode-ray tube. 


magnetic fields takes place. The two 
fields are shown separately in Fig. 1-86 (a) 
and the result of their interaction is 
shown in Fig. 1-86 (b). A force is exerted 
on the conductor which causes the con- 
ductor to move in the direction shown. 
This direction of motion is at right angles 
to the direction of electron flow in the 
conductor and to the direction of the 
field. However, if the current-carrying 
conductor is placed in the magnetic field 
with the conductor parallel to the lines 
of force of this field, the magnetic lines 
of force from the two sources are at right 
angles and do not interact. In this case 
no force is exerted on the conductor. 
If the current-carrying conductor is 
placed in the magnetic field so that the 
angle between its direction and that of 


the field is different from zero, the con- 
ductor experiences a force which increases 
as the angle increases. 

The stream of electrons produced by 
the electron gun of a cathode-ray tube 
may be considered as equivalent to the 
stream of electrons in a solid conductor. 
Thus if the electron beam passes through 
a magnetic field the effect upon it is the 
same as upon the current-carrying con- 
ductor and the motion of the electron 
beam which results from interaction of 
the magnetic fields is at right angles to 
the direction of motion of the beam and 
to the direction of the field. This prin- 
ciple is applied in the magnetic focusing 
of the electron beam. 

A focus coil is used in the electro- 
magnetic cathode-ray tube to provide a 
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Fic.1-86 Effect of placing a current-carrying conductor in a magnetic field. 
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Fic.1-87 Focusing action in an electromagnetic 
c.r.t. 


field through which the electron beam 
passes. This focus eoil is circular and is 
wound on a former which fits around the 
neck of the tube. Surrounding the coil 
is a soft-iron shield having an air gap on 
the inside next to the tube. The air gap 
allows the strong magnetic field to enter 
the tube, surrounding the electron beam 
with parallel lines of magnetic force. The 
soft-iron shield prevents this strong focus- 
ing field from interfering with the deflec- 
tion fields. A direct current is passed 
through the coil to create the desired 
field. Some means of moving the focus 
coil along the neck of the tube is usually 
provided to permit approximate focusing 
adjustment. After this adjustment is 
made, usually in initial alignment, fine 
focusing is provided by adjustment of 
the amount of current flowing in the 
focus coil. 

Fig. 1-87 shows the arrangement of the 
focus coil about the neck of the tube and 
the magnetic field set up inside the tube. 
Electrons of the beam proceeding from 
the cross-over point X along the line 
XC encounter the magnetic field. Since 
the field of these electrons is at right 
angles to the focus field no interaction 
takes place and the electrons proceed on 
to the screen without change in direction. 
However electrons proceeding from the 
cross-over point X along the line XA 
move diagonally through the magnetic 
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field. The interaction of the magnetic 
fields causes the electrons to be deflected 
in a direction which is at right angles to 
their direction of motion and to the direc- 
tion of the focus field. In this case for 
electrons along X AB and with the focus 
field as shown in Fig. 1-87 the direction 
of deflection is out from the page. How- 
ever each electron still remains in a mag- 
netic field and so it is continually de- 
flected. The result is that the electron 
travels in a spiral path while it passes 
through the magnetic field. Electrons 
travelling on other diagonal paths across 
the field are also made to follow spiral 
paths. Electrons which are far off the 
axis are made to follow a path which 
causes them to meet at some point with 
the electrons that came into the field 
almost parallel with the axis. The posi- 
tion of this meeting point may be 
adjusted by varying the strength of the 
magnetic field so that it occurs at the 
fluorescent screen and optimum focus is 
obtained. 

2. DEFLECTION. 

The effect of a magnetic field on the 
swiftly moving electrons of the electron 
beam has been reviewed. The magnetic 
field deflects the beam in a direction 
which is at right angles to the direction 
of the field and to the direction of the 
electron stream. As a result deflection 
of the beam may be obtained by provid- 
ing two pairs of coils, one pair for hori- 
zontal and the other pair for vertical 
deflection. The pairs of coils are placed 
over the neck of the tube close to the 
focus coil (Fig. 1-85) and are sometimes 
called deflection yokes. The coils of a 
pair are mounted opposite each other 
and connected in series (Fig. 1-88). The 
magnetic field of each pair passes through 
the neck of the tube at right angles to the 
path of the electron beam. Thus the 
pair of coils arranged in the vertical 
plane provide horizontal deflection while 
the pair arranged in the horizontal plane 
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netic c.r.t. for deflection in two directions. 


provide vertical deflection. The electron 
beam, and so the spot on the screen, may 
be moved to any point by applying 
currents of the proper magnitude to these 
deflection coils. It is necessary in this 
deflection arrangement to provide good 
magnetic shielding between the focus 
coil and the deflection coils. 

If deflection in one direction only is 
desired, coils may be wound on a single 
iron core placed about the neck of the 
tube (Fig. 1-89). The two coils are wound 
in series and in such directions that their 
magnetic fields in the iron core are in 
opposite directions. To complete the 


eee” flow 


Fig.1-89 Deflection yokes for deflection in one 
direction only. 
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Fia.1-90 Circular deflection yoke. 


magnetic circuit, each field leaves the 
core and passes in the same direction 
through the neck of the tube. This 
uniform magnetic field passing across the 
tube, and so across the electron beam, 
provides the deflecting force on the beam. 
If the direction of motion of the electrons 
of the beam (Fig. 1-89) is out from the 
page the beam is deflected downward. 
If the current through the coils is in- 
creased, the field is increased and the 
beam is deflected farther downward. If 
the current through the coils is reversed 
the field is reversed and the beam is 
deflected upward. With this type of de- 
flection coil deflection in any direction 
from the centre may be obtained by 
rotating the whole yoke around the neck 
of the tube. 

Fig. 1-90 shows a similar deflection 
arrangement which employs a circular 
yoke with two sets of identical coils sym- 
metrically arranged on the core. For the 
position of the yoke and directions of 
field indicated the beam is deflected hori- 
zontally to the left. 

For the electromagnetic cathode-ray 
tube the deflection sensitivity is ex- 
pressed in millimeters per ampere, since 
deflection depends upon the magnetic 
field strength which depends upon the 
current in the coil. Thus the deflection 
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Fic.1-91 A diode phototube. 


sensitivity is increased by increasing the 
number of turns of the coil. This results 
in an increase in inductance which is un- 
desirable in high-frequency applications 
of such a tube. 

1.29 The Phototube. The action of 
the phototube depends upon the phenome- 
non of photoelectric emission. Certain 
substances, for example, caesium oxide, 
emit electrons when exposed to radiation 
such as light, ultra-violet rays, infra-red 
rays, X-rays or radioactive rays. Fig. 
1-91 shows a diode phototube. The curved 
cylindrical metal cathode has a caesium- 
oxide coating over its inner surface. 
When the radiation strikes the surface, 
electrons are emitted from it and are 
attracted towards the narrow anode rod, 
which is maintained at a positive poten- 
tial with respect to the cathode. The 
number of electrons flowing from the 
cathode to the anode depends upon the 
intensity and the wavelength of the 
incident radiation, other factors being 
kept constant. 

The sensitivity.of a phototube is ex- 
pressed as the number of microamperes 
of electron current per unit of light 
energy. For the valve pictured in Fig. 
1-91, the variation of sensitivity with the 
wavelength of the incident radiation is 
shown in Fig. 1-92. The sensitivity is 
greatest for ultra-violet rays and quite 
high for infra-red rays. The sensitivities 


FUNDAMENTALS OF RADIO 


Relative sensitivity-percent 


0) 
Wavelength (Angstrom units) 


Fia.1-92 Variation of sensitivity with the wave- 
length of the incident radiation for a phototube. 


of phototubes must therefore be com- 
pared over the same small range of wave- 
length if the comparison is to be 
significant. 

The sensitivity of a phototube is in- 
creased by replacing the high vacuum 
with gas at alow pressure. The electrons 
liberated from the cathode by the inci- 
dence of radiation travel towards the 
anode and if the anode potential is 
sufficiently large, the gas is ionized. The 
positive ions are attracted towards the 
cathode where their charge neutralizes 
the space charge around the cathode. 
Hence, when the gas is ionized, there is 
no limitation on the magnitude of the 
current except the number of electrons 
being emitted by the cathode. Therefore 
the anode current of a gas phototube is 
increased by as much as ten times that 
of a high-vacuum phototube for the same 
cathode surface, intensity and wave- 
length of radiation, and anode voltage. 
However, there is greater risk of acciden- 
tal damage through positive-ion bom- 
bardment of the cathode at excessive 
anode voltages. Hence a gas phototube 
must be operated within more rigid tem- 
perature and voltage limits. Because of 
their greater sensitivity to changes in 
light intensity, gas phototubes are used 


VALVES 


(a) (b) 


F1e.1-93 Circuit symbols for (a)a high-vacuum 
photo-diode (b) a gas photo-diode. 
in a-f applications such as the sound 
track of a movie film. High-vacuum 
phototubes, on the other hand, are used 
in relay apparatus because of their 
greater reliability. Fig. 1-93 (a) and (b) 
shows the circuit symbols for a high- 
vacuum and a gas photo-diode respec- 
tively. 

The anode voltage of all phototubes 
should not exceed about 15 to 20 volts. 
In a gas phototube, at higher anode 
voltages, positive-ion bombardment 
damages the cathode. surface. In the 
vacuum phototube the slight amount of 
residual gas in the valve ionizes and the 
anode current fluctuates. Because the 
anode current is only of the order of 
microamperes these small fluctuations 
have a relatively large effect. Hence all 
phototubes must be connected in series 
with a voltage limiting resistor as in Fig. 
1-94. Also because of the very small 
values of anode current, leakage cur- 
rents become noticeable. Therefore leak- 
age current such as that which exists 
between particles of dust on tube ter- 
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minals, must be eliminated by careful 
cleaning of the terminals. The glass 
envelope is often coated with a suitable 
wax so that leakage currents caused by 
moisture films on the glass surface are 
avoided. 

The e,—2 curve for a gas phototube 
is shown in Fig. 1-95 and that for a high- 
vacuum phototube in Fig. 1-96. The 
curve for the gas valve is not as regular 
as that for the high-vacuum valve. The 
anode current increases rapidly to A and 
no further increase occurs until the 
anode voltage reaches the ionization po- 
tential at point B. Beyond this point the 
anode current increases as the anode 
voltage increases. The anode resistance 
of the gas phototube, given by the 
reciprocal of the slope from B to C on 
its characteristic, is not as high as that 
of the high-vacuum phototube for the 
portion X to Y on its characteristic. 

Fig. 1-97 (a) shows a gas phototube 
which is non-directional. Radiation from 
any direction penetrates the apertures 
and strikes the coated surface on the 
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Fic.1-97 (a) Non-directional gas phototube 
(b) Gas phototube with a screw-in socket. 


opposite side of the interior of the cathode. 
This gas phototube has a sensitivity of 
about 65 microamperes per lumen, a 
total cathode emission surface of 0.7 
square inches, a maximum anode current 
of 15 microamperes with a maximum 
anode supply voltage of 90 volts. The 
series resistance must be from 1 to 4 
megohms. 

The anode consists of a circular ring 
to collect as many stray electrons as 
possible and the cathode is a metal hemi- 
sphere coated on the inside. 

The sensitivities of gas phototubes 
range from 55 to 110 microamperes per 
lumen; those for high-vacuum photo- 
tubes range from 6.5 to 45 microamperes 
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F1c.1-99 Circuit symbol for a tuning-indicator 
valve. 


per lumen. Anode circuit supply voltages 
are usually 90 volts for gas valves but 
range up to 500 volts for high-vacuum 
valves. Anode currents range from 2 to 
30 microamperes for both types. Another 
gas phototube with a screw-in socket is 
shown in Fig. 1-97 (b). 

1.30 The tuning-indicator valve. The 
tuning-indicator valve or tuning eye is 
usually employed to give a visual indica- 
tion of accurate tuning of a receiver to an 
incoming signal. It consists of a cathode- 
ray indicator and a triode combined in a 
single valve envelope. Fig. 1-98 shows 
the arrangement of the electrodes and 
Fig. 1-99 the circuit symbol used for the 
combination. A single cathode projecting 
upward from the triode section into the 
indicator section serves for both units. 
The indicator section consists of the 
centrally located cathode surrounded by 
a funnel-shaped anode or target which is 
operated at a positive potential. The in- 
terior surface of the target is coated with 
a fluorescent material which glows a 
bright green when struck by electrons 
attracted from the cathode. The top 
end of the cathode is covered with a 
small round dise serving as a cathode 
light shield so that when the valve is 
viewed from above, the end of the valve 
appears as in Fig. 1-100 (a). The target 
is completely lighted and appears as a 
bright ring when there is a free passage 
of electrons from cathode to target. 

To control the flow of electrons from 
the cathode to the target, a ray-control 
electrode (Fig. 1-98) consisting of a narrow 
metal cylinder is placed beside the 
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Fia.1-100 Appearance of tuning-indicator valve 
when viewed from above. 


cathode. When viewed from above, with 
the cathode shield removed, this elec- 
trode arrangement appears as in Fig. 
1-100 (b). The ray-control electrode is 
operated at a positive potential less than, 
or the same as, the target potential. 
Varying the potential of the ray-control 
electrode varies the width of a shadow 
which it casts on the target. 

The explanation of the action is 
assisted by the drawing of some of the 
electrostatic lines of force which exist 
between the control electrode and the 
target. An electrostatic line of force, it is 
recalled, is the path along which a free 
electron would travel. The direction of 
a line of force is thus from a low potential 
to a high potential. When the control 
electrode is less positive than the target, 
there are many lines of force between 
these electrodes. These lines, the dotted 
lines in Fig. 1-100 (a), are practically 
radial straight lines since the target is 
circular. The electron paths from 
cathode to target are shown by solid 
lines. Electrons travelling directly to- 
ward the control electrode reach it. 
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Fic.1-101 Fields between electrodes in a tun- 
ing-indicator valve when the control electrode is 
considerably less positive than the target. 
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Fic.1-102 Fields between electrodes in a tun- 
ing-indicator valve when control electrode is 
almost as positive as the target. 


Electrons in nearby paths between B and 
C pass this electrode and tend to travel 
along the lines of force; that is, these 
electrons veer away from the control 
electrode toward the target as shown. 
No electrons reach the region of the 
target behind the control electrode. Since 
electrons from all other parts of the 
cathode travel along radial paths to the 
target, the remainder of the target glows. 
Hence a shadow is formed behind the 
control electrode. The tuning-indicator 
valve viewed from above in this condi- 
tion appears as in Fig. 1-101 (b). If 
the control electrode is made consider- 
ably less positive than above, the number 
of lines of force between control elec- 
trode and target is increased causing the 
electrons to veer away from the control 
electrode to a greater extent. Thus the 
width of the shadow is increased. The 
angular width of the shadow may be in- 
creased to about 100° by making the 
potential of the control electrode de- 
crease to almost that of the cathode. If 
the input control voltage is first ampli- 
fied by a d-c amplifier, the potential of 
the control electrode may be made nega- 
tive with respect to the cathode and a 
shadow width of about 180° can be 
obtained. 

As the control-electrode potential be- 
comes more positive, the shadow width 
decreases. When the control electrode 
is almost as positive as the target the 
field is concentrated between the control 
electrode and cathode as shown in Fig. 
1-102 (a). There are practically no lines 
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of force between the control electrode 
and the target. Hence more electrons 
are attracted towards the control elec- 
trode because of its high positive poten- 
tial. This causes the electron paths to 
bend in towards the control electrode and 
more electrons strike a sq. cm. of the 
target between B and C than any other 
sq. em. of the target so that this portion 
glows more brightly and the glowing 
wings appear to overlap. 

The shadow width is exactly 0° and 
the brightness is uniform when the 
presence of the control electrode does not 
change the radial field which exists be- 
tween the cathode and target. This con- 
dition occurs when the potential of the 
control electrode is equal to the potential 
at the position of the control. electrode 
due to the potential gradient between 
cathode and target. Thus for zero 
shadow the control electrode has some 
intermediate value between anode and 
cathode potentials. 

In practice, the valve is operated so 
that zero (or minimum) shadow width 
indicates accurate tuning. A circuit used 
for this purpose is shown in Fig. 1-103. 
The value of the controlling voltage which 
is applied between grid and cathode is 
determined by the tuning condition of 
the circuit. When the circuit is accurately 
tuned, this voltage has a maximum nega- 
tive value. Asa result, the anode current 
is reduced by this grid voltage to a small 
value. Hence the voltage drop across the 
resistor R, through which the anode 
current flows, is small. Since one end of 
the resistor is fixed at the potential of 
the positive supply voltage E,,, the po- 
tential of the triode anode at the other 
end of the resistor is almost equal to Ey. 
The ray-control electrode has the same 
potential as the triode anode since these 
two electrodes are connected internally, 
The target electrode is connected to the 
positive terminal of the supply voltage. 
Therefore with the controlling voltage a 
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maximum, the ray-control electrode has 
a maximum potential. Hence the angu- 
lar width of the target shadow is zero 
(or minimum) when the circuit is ac- 
curately tuned. 

When the external circuit is ‘not 
accurately tuned, the controlling voltage 
is less negative. For this value of triode 
grid voltage, a larger anode current flows 
and a larger voltage drop appears across 
the resistor. This lowers the voltage on 
the control electrode, hence the shadow 
width is larger. 

The change in the ray-control (and 
triode anode) voltage is much greater 
than the change in controlling voltage. 
This is possible since the triode section 
acts to amplify the controlling voltage 
before it is applied to the indicator sec- 
tion. For one type of double-unit valve 
electrode voltages and currents are as 
follows: 

Heater voltage 6.3V 

Heater current 0.3.4 

Target voltage 250V 

Maximum target current 4mA 

Resistance R 1 megohm 

Max. triode anode current 0.24mA 

Triode grid voltage —22V for 0° 
shadow angle; OV for 90° shadow 
angle. 

Ray-control electrode voltage 140V 
for 0° shadow angle; OV for 90° 
shadow angle. 

Some tuning-indicator valves are con- 

structed to include only cathode, anode 
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Fra.1-104 Tuning-indicator valve which includes cathode, anode and two ray-control electrodes. 


and ray-control electrode. Such a valve 
usually has two ray-control electrodes 
arranged on diametrically opposite sides 
of the cathode as in Fig. 1-104 (a). The 
two ray-control electrodes may be con- 
nected together to give two symmetrical 
but diametrically opposite shadows. An 
extra valve is required to amplify the 
controlling voltage before it is applied 
to this type of indicator valve. This valve 
may also be used to give two shadows, 
independently controlled by two dif- 
ferent circuits. The circuit symbol for this 
type of valve is shown in Fig. 1-104 (b). 
1.31 High-frequency valves. The 
valve designs already discussed are suit- 
able for use at a-f, i-f and low r-f fre- 
quencies. However at higher r-f fre- 
quencies a change in valve design is 
necessary if a valve is to be able to 
produce a reasonable power output. 


Fra.1-105 Receiver pentode. 


It has been pointed out that the triode 
construction described in section 1.10 is 
not useful at r-f frequencies because the 
grid-to-anode capacitance is so large that 
the valve is effectively by-passed. The 
tetrode and pentode valves were designed 
to minimize this capacitance and hence 
can be used at radio frequencies up to 
1 or 2 Mc/s. In order to further reduce 
the grid-to-anode capacitance and the 
mutual inductance between leads, the 
grid and anode leads are separated as 
much as possible. By this construction, 
valves of the same size and having the 
same power-dissipating abilities can be 
used at frequencies up to 30 Mc/s. Fig. 
1-105 shows a receiving pentode with 
the grid lead in the form of a short 
cylinder protruding through the top of 
the glass envelope. The anode lead ex- 
tends through the glass seal in the tube 
base. Fig. 1-106 shows a transmitting 
triode which is approximately 9 inches 
high and has the anode lead emerging 
through the top of the envelope and the 
grid lead through the side. This type of 
grid and anode terminal construction is 
sufficiently rugged to withstand vibra- 
tion. Mechanical rigidity of electrodes 
and leads is necessary since any changes 
in the relative spacings of electrodes or 
leads cause changes in the interelectrode 
capacitances and mutual inductances. 
Dielectric loss in valve bases is also 
serious at high frequencies. In high- 
power valves, such as that shown in Fig. 
1-106, the anode and grid leads are sepa- 
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Fra.1-106 Transmitter triode (9 in. high). 


rated for the additional reason that the 
anode is operated at a high positive 
potential. 

Fig. 1-107 shows a triode which is de- 
signed to handle several thousand watts 
at frequencies up to 30 Mc/s. The valve 
employs post terminals which rigidly 
support the anode. With this type of 
terminal, no base is necessary and dielec- 
tric base power loss, which is serious at 
high frequencies, is eliminated. This 
valve is approximately 82 inches high. 

At high frequencies power losses due 
to lengths of leads may be excessive. The 
use of very short leads in high-frequency 
valves reduces these power losses con- 
siderably. Interelectrode capacitance is 
reduced since there is a smaller electrode 
surface area. Shorter leads reduce the 
mutual inductance between electrodes. 
Electromagnetic radiation of r-f by the 
leads is also reduced. Fig. 1-108 shows 
a valve incorporating these features 
which can handle 30 or 40 watts at high 
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Fyc.1-107 Transmitter triode (8% in. high) used 
for frequencies up to 30 Mc/s. 


frequencies up to 200 Mc/s. It is only 
31 inches high. The power-handling 
capabilities of the valve shown in Fig. 
1-107 have been sacrificed here for shorter 
leads and higher frequency-handling 
capabilities. 

At ultra-high frequencies the time 
taken for an electron to travel from 
cathode to anode in a valve must be taken 


Fic.1-108 Transmitter valve (33 in. high) used 
for frequencies up to 200 Mc/s. 
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Fig.1-109 Acorn valves (14 in. high) used for 
frequencies up to about 600 Mc/s. 


into consideration in valve design. This 
time interval is called the electron transit 
time. At very-high frequencies the transit 
time becomes appreciable in comparison 
to the period of an u-h-f alternating 
voltage. For example, at a frequency of 
500 Mc/s, the time required for one 
cycle is .002 microseconds and for one 
half cycle is .001 microseconds. When 
the transit time is negligible, the anode 
current increases when the grid voltage 
becomes more positive. If the transit 
time is say, .001 microseconds, electrons 
that leave the cathode during the posi- 
tive half cycle of grid voltage arrive at 
the anode during the negative half cycle 
of grid voltage and the increase in plate 
current is retarded one half cycle. Thus 
when the transit time is comparable to 
the period of the applied voltage, a 
phase shift between the grid voltage and 
anode current is introduced. This phase 
shift may seriously affect the normal 
operation of the valve. Electron transit 
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Fig.1-110 Method of connecting acorn valve 
in a, circuit. 


time is decreased by decreasing the spac- 
ing between the anode and cathode. Fig. 
1-109 shows a type of valve called an 
acorn valve having extremely small elec- 
trode spacing and short leads. The 
upper valve is a pentode less than two 
inches high while the two lower valves 
are triodes less than 1} inches high. The 
triodes have amplification factors of 
about 12 at frequencies up to 600 Mc/s. 
Fig. 1-110 shows how an acorn valve is 
connected into a circuit by means of a 
supporting metal partition which also 
aids in separating the anode lead from 
the control grid lead. Fig. 1-111 shows 
an acorn thyratron held in a hand to 
show comparative size. Fig. 1-112 shows 


Fiaq.1-111 Acorn thyratron. 
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Fre.1-112 Midget valve. 


a midget valve which is similar to the 
acorn type. This triode has a higher 
amplification factor than an acorn triode 
and is also suitable for use at frequen- 
cies up to several hundred megacycles 
per second. 

At frequencies of the order of thou- 
sands of megacycles per second, a dif- 
ferent design of valve is necessary. Valves 
designed for these frequencies contain 
not only the valve electrodes but also 
some of the external circuit components 
in addition. Interelectrode capacitances 


and inductances are large enough at such 


frequencies that no additional inductors 
or capacitors are required. The disk-seal 
valve, the magnetron and the klystron are 
examples of this type of valve. The two 
latter valves are discussed in Chapter V. 

The disk-seal valve or megatron is a 
high-vacuum valve employing a different 
electrode construction than the types 
previously mentioned. In most of the 
valves so far described, the electrodes 
have been arranged concentrically with 
the cathode in the center. In the disk- 
seal valve, however, the electrodes are 
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flat, smooth-surfaced metal discs arranged 
in parallel planes. Fig. 1-113 illustrates 
the basic construction of a disk-seal 
triode. The heater is surrounded by a 
cylindrical cathode whose surface is in- 
creased by a metal cathode disc. As in 
the cathode-ray tube only the surface 
of the cathode which faces the anode is 
oxide-coated. The grid is a plane tung- 
sten mesh parallel to the cathode emit- 
ting surface and is attached at the edges 
to a metal grid dise which is parallel to 
the cathode disc. The anode is a single, 
solid, metal cylinder extending from 
within the valve out through the glass 
seal. The interior and face of the anode 
is parallel to the grid and cathode and 
the spacing between cathode and anode 
is of the order of .005 inches. The 
anode, also, is attached to a metal anode 
disc. The glass walls are sealed to the 
electrode discs; this feature gives this 
type of valve its name. The silver-plated 
discs take the place of leads and have 
very little interlead inductance. All ex- 
ternal metal portions of these valves are 
silver plated to provide low-resistance 
circuit connections, freedom from cor- 
rosion and minimum r-f losses because 
of eddy currents or skin effects. This con- 
struction makes a compact unit capable 
of withstanding severe mechanical 
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Fie.1-114 Four disk-seal valves. 


stresses and providing reasonable power 
output at frequencies up to several thou- 
sand megacycles per second. Fig. 1-114 
shows four disk-seal valves. The largest 
is a high-power valve having a finned 
anode for increased power dissipation. 
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Fig.1-115 Cut-away view of a lighthouse triode. 


The three smaller valves called lighthouse 
valves are a special type of disk-seal valve 
in which the diameter of the electrode 
discs decreases away from the valve base. 
This pyramid structure is particularly 
adapted for the attachment of the output 
coupling devices used at these frequen- 
cies. Fig. 1-115 is a cutaway view of a 
lighthouse triode. In this valve the spac- 
ing between anode and cathode is about 
.007 inches. 

A family of static ey—2 curves for a 
lighthouse triode is given in Fig. 1-116. 


80 


€y(volts) 


Fic.1-116 Lighthouse triode static e,—7%) curves. 
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Their shape is similar to the static 
€)—% curve studied in earlier sections. 
The curves shown are not extended to 
the anode saturation region since this 
type of triode is normally operated below 
saturation. 

1.32 Valve nomenclature. During the 
initial period in the development of radio 
the naming of valves was a haphazard 
process. Eventually, however, a system 
for numbering and lettering valves was 
developed. In general, valves are classi- 
fied according to their application. The 
three main classifications are: 

(i) receiving valves 
(ii) transmitting valves 
(iii) other purpose valves. 


A. Recewing Valves 


The basic system used in designating 
receiving valves employs the following: 

(i) A number to indicate the approxi- 
mate filament or heater voltage, 
followed by 

(ii) a letter to indicate the function of 

the valve, e.g. letters near the end 
of the alphabet indicate rectifiers, 
followed by 

a number to indicate the number of 
elements of the valve connected to 
base pins and hence to the external 
circuit. 

Along with the above the following 
suffixes are sometimes used to indicate 
other properties of the valve: 

(i) A suffix —G indicates a valve pos- 
sessing a glass envelope and an octal 
base. 

(i) A suffix —GT indicates a glass valve 

with an octal base having reduced 
dimensions. 

The word metal appearing beneath 
a designation indicates the valve has 
a metal envelope and an octal base. 
The letter S inserted after the 
number indicating heater voltage, 
but before the letter indicating the 
valve function, indicates a single- 


(iii) 


(iii) 


(iv) 
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ended valve, in which all connections 
are made through the base of the 
valve. The valves thus designated 
have metal envelopes or glass en- 
velopes with small dimensions. 
However all valves are not designated 
by this system which is the commonest. 
In another system different valves are 
indicated by numbers only. 


B. Transmitting Valves 

There is no universal system of desig- 
nation for transmitting valves. Standard 
types are designated by numbers of three 
or more digits. The higher numbers 
indicate more recently designed valves. 
These numbers however give no indica- 
tion of the characteristics of the valves. 
Other series are designated by letter pre- 
fixes such as RK or HY 


C. Other Purpose Valves 


Under other purpose valves are classi- 
fied cathode-ray tubes, television scan 
tubes, control and regulator valves. 

1. CarHopE-Ray TuBEs. 

Cathode-ray tubes are usually desig- 
nated to indicate the screen size and 
sereen persistence. The first number in 
the valve designation gives the diameter 
of the screen in inches. The last letter 
and number indicate the persistence of 
the screen as follows: 

P1 indicates medium persistence. 

P2 indicates long persistence. 

P3 indicates medium persistence 

especially suited for television. 

P4 indicates the same as P3 but white 

in colour. 

P5 indicates short persistence. 

2. VOLTAGE-REGULATOR VALVES. 

Voltage-regulator valves are usually 
designated by the letters VR followed 
by a number to indicate the operating 
anode voltage. 

1.33 Valve ratings and data. Valve 
ratings and data pertaining to the opera- 
tion of valves are discussed under the 
three main classes of valves. 
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A. Receiving Valves 

The data usually given for a receiving 
valve is of three kinds: maximum ratings, 
typical operating conditions and elec- 
trical and physical characteristics. 

1. Maximum Ratines. 

These ratings are the maximum safe 
operating voltages, currents and powers 
for the electrodes. If these ratings are 
exceeded the life and performance of the 
valve are impaired. The ratings are as 
follows: 

Heater voltage: the d-c value or the 
effective a-c value of the voltage applied 
to the heater terminals. 

Heater Current: the d-c or effective a-c 
value of the current flowing through the 
filament at operating temperature and 
with the correct heater voltage. 

Anode voltage: the d-c value of the 
voltage between anode and cathode. In 
the case of a diode rectifier, this is the 
effective value of the maximum a-c 
anode voltage. 

Screen voltage: the d-c value of the 
voltage between screen grid and cathode. 

Grid voltage: the minimum negative 
value of the d-c control-grid bias. For 
power-amplifier valves the peak value 
of the input signal is specified in volts. 

Cathode current: in the case of multi- 
unit or multi-electrode valves the maxi- 
mum total emission. 

Anode dissipation: the maximum rate 
at which the anode is able to radiate 
energy or conduct it away safely as heat. 
This power rating is the difference be- 
tween the d-c power supplied to the 
valve and the a-c power delivered by the 
valve to the load, in watts. 

Screen dissipation: a power rating to 
indicate the rate at which energy is safely 
dissipated by the screen in the form of 
heat. 

Peak inverse voltage: the peak value of 
the negative voltage which can be applied 
to the anode without an arc-back 
occurring. 
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Condensed-mercury temperature range: 
the maximum permissible temperature 
variation for a mercury-vapour diode 
rectifier. If this range is exceeded cathode 
disintegration may take place due to 
positive-ion bombardment. 

Valve voltage drop: the maximum anode- 
to-cathode voltage in a gas valve. If 
this rating is exceeded, positive-ion bom- 
bardment of the cathode will occur. 

2. TYPICAL OPERATING CONDITIONS. 

A valve can be used under any suit- 
able conditions within its maximum rat- 
ings. Where a valve may have different 
classes of operation, a set of typical 
operating conditions are given for each 
class. If the maximum ratings are not 
given separately they are indicated under 
the typical operating conditions. If no 
maximum ratings are shown the typical 
operating conditions are understood to 
be maximum ratings as well. 

Under typical operation are listed elec- 
trode voltages and currents and the 

orresponding values of the anode resist- 
ance, trans-conductance and the ampli- 
fication factor. For power amplifiers the 
load resistance and the power output are 
given. When cathode bias is specified 
the typical value of cathode resistor is 
given. 

The following ratings sometimes occur 
under typical operation: 

Anode current: the d-c value of the 
anode current. 

Zero-signal d-c anode current: the d-c 
value of the anode current with no 
signal voltage applied to the control grid. 

Mazimum-signal d-c anode current: the 
d-c value of the anode current with a 
sine-wave signal applied to the control 
grid of sufficient amplitude to produce 
the rated voltage or power output. 

Zero-signal and maximum-signal screen 
currents: the d-c value of the screen cur- 
rent with zero signal and maximum 
signal respectively applied to the control 
grid. 
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Total harmonic distortion: the percent- 
age second harmonic distortion in the 
output waveform when the maximum- 
signal power output is being developed. 

Mazimum-signal power output: the 
product of the a-c components of anode 
voltage and current, less the power losses 
in the valve and load. 


3. ELECTRICAL AND PuHysIcaAL CHARAC- 
TERISTICS. 

(i) Average anode characteristic curves. 
The e—% curves are drawn for 
several values of control-grid volt- 
age. From these curves, the ¢.—72 
curves may be derived. 

(ii) Direct interelectrode capacitances. 

These are the values of the grid-to- 
anode capacitance, the anode-to- 
cathode or output capacitance, and 
the grid-to-cathode or input capaci- 
tance. For multi-grid valves the 
values of the extra interelectrode 
capacitances are given. For multi- 
unit valves the values of the capa- 
citances between the electrodes of 
one unit and those of the other unit 
are also given. 
Socket or base connections. A 
schematic plan of the inverted valve 
base is given. The bottom view is 
shown since valve connections are 
usually made from below. For octal 
bases, the pins are numbered from 1 
to 8 in a clockwise direction from 
the base key, as in Fig. 1-117 (a). 
For other types of bases the pins 
are numbered in the same direction 
beginning with the lower left hand 
filament pin which is numbered 1. 
In these bases the filament pins are 
usually thicker than the other pins, 
Fig. 1-117 (b), or are arranged as a 
pair with distinct spacing as in Fig. 
1-117 (c). 

The octal base shown in Fig. 1-117 (d) 
is for a triode which has only five con- 
nected elements. Hence the other pins 
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(e) 


Fia.1-117 Valve socket connections. 


are left unnumbered. The letters H, K, 
Gi, Go, Gs, P, and F indicate the connec- 
tion to the heater, cathode, No. 1 grid, 
No. 2 grid, No. 3 grid, anode and fila- 
ment respectively. In the case of a 
multi-unit valve the subscripts D, P, T 
and HX indicate whether the electrode 
belongs to the diode, pentode, triode or 
hexode units respectively as in Fig. 
1-117 (e). The letter S indicates the pin 
for making an external connection to the 
metal shield in the case of a valve with a 
metal envelope. This shield is usually 
connected to ground so that stray charges 
which would otherwise collect on the 
envelope and affect the operation of the 
valve, are conducted to ground. The 
letters NC indicate that no connection is 
required. 
B. Transmitting Valves 

The information usually given for 

transmitting valves also consists of three 
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kinds: maximum ratings, typical operat- 
ing conditions and electrical and physical 
characteristics. 

1. Maximum RatINGs. 

There are three kinds of maximum 
ratings: the absolute maximum ratings, 
the maximum Continuous Commercial 
Service (C.C.S.) ratings and the maximum 
Intermittent Commercial and Amateur 
Service (1.C.A.S.) ratings. 

The absolute maximum ratings are the 
limiting values which, if exceeded, result 
in the shortening of the valve life and the 
impairment of its performance. The 
C.C.S. and the I.C.A.8. ratings are 
usually only given for air-cooled trans- 
mitting valves. 

The C.C.S. ratings are the maximum 
values for valves to be used under con- 
tinuous operating conditions. The 
1.C.A.S. ratings are the maximum values 
to be used where valves are operated for 
no more than 5 minutes continuously 
with stand-by periods of 5 minutes or 
more. Hence I.C.A.S. ratings are greater 
than C.C.S. ratings for the same total 
life. 

The following ratings are usually given: 

Filament voltage: the d-c or effective 
a-c value of the voltage applied across 
the filament. Variation in the filament 
voltage should not exceed +5% unless 
otherwise specified. 

Filament current: the d-c or effective 
a-c value of the filament current which 
flows at operating temperature. 

Anode voltage, grid voltage, screen volt- 
age, anode current, screen current, control- 
grid current: the d-c values at the given 
input voltage and power output. 

Anode dissipation: the maximum rate 
at which the anode is able to radiate 
energy or conduct it away safely as heat. 

Screen input: the product of the d-c 
screen voltage and the d-c screen current. 

Anode input: the product of the d-c 
anode current and the d-c anode voltage. 

Driving power: the average rate of 
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energy dissipation in the grid and grid 

biasing circuit of the valve. 

Peak a-f or r-f grid voltage: the peak 
value of the a-f or r-f signal voltage 
measured from the operating point. 

Screen resistor: the value of the screen 
voltage dropping resistor required when 
the screen voltage is obtained from the 
anode power supply voltage. Its resis- 
tance is specified in place of the screen 
voltage. 

2. TyPIcaL OPERATING CONDITIONS. 

The d-c values of the operating volt- 
ages and currents for each electrode are 
given. The driving power and the output 
power corresponding to these conditions 
are also given. When no other maximum 
voltages are given, the typical operating 
conditions are the maximum conditions. 
These conditions hold for only one class 
of operation. A different set of operating 
conditions is given for each class of opera- 
tion or application. 

3. ELECTRICAL AND PHYSICAL CHARAC- 

TERISTICS. : 

(i) Direct interelectrode capacitances. The 
meanings of these values are the same 
as that for the capacitances given 
in the case of receiving valves. 

(ii) Type of base and socket connections. 
A diagram is drawn of these connec- 
tions and the type of base is indi- 
cated in the diagram. 

Finally a short description of the func- 
tions or possible applications of the valve 
are given along with the dimensions of 
the valve. 

1.34 The valve tester. The best method 
of checking the performance of a valve 
is to compare its performance with that 
of a new valve under the same operating 
conditions. The performance test is the 
only complete test. However an auxiliary 
valve tester is of practical use when 
equipment is completely inoperative. The 
valve tester should be capable of making 
one or more of the following tests or 
checks: 
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(i) a check to indicate whether a short 
circuit exists between any pair of 
electrodes 

(ii) a transconductance test 

(iii) a check of the anode and screen 
currents under typical operating 
conditions 

(iv) a test of the power input. 

The short-circuit test should be made 
first since the application of operating 
electrode voltages to a valve containing 
a short may damage the test apparatus. 
The transconductance test is more indica- 
tive of the condition of a valve than an 
emission test. The emission of a valve 
may vary widely but may not seriously 
affect the operation of the valve. Also 
faulty valves often show full emission. 
The transconductance test takes into ac- 
count one of the operating constants and 
hence gives a fairly accurate idea of the 
actual operating condition of a valve. 

Most valve testers are not constructed 
to make all the above tests. Circuits 
capable of making each of the above 
tests are discussed in the following 
sections. 


A. The Short-Circutt Test 


A circuit which tests for shorts between 
electrodes is shown in Fig. 1-118. The 
input a-c voltage is stepped down by 
means of a step-down transformer 7' with 
a low-voltage secondary. By means of 


Fig.1-118 Circuit for conducting short-circuit, 
test between valve electrodes. 


FUNDAMENTALS OF RADIO 


Fra.1-119 Circuit for measuring the static 
transconductance of a triode. 


the switch S the secondary voltage may 
be applied across different pairs of 
electrodes. If two electrodes are shorted 
the lamp is lighted by the flow of current 
through the short. The lamp used should 
be one which operates on a very small 
current since the electrodes may be suf- ° 
ficiently close to give a high-resistance 
connection. The valve should be heated 
by the flow of heater current since the 
short may occur only when the valve and 
electrodes are hot. The potentiometer R 
varies the secondary filament voltage in 
order that the filament voltage may be 
maintained at its correct operating value 
as indicated by voltmeter V. A tetrode 
valve is shown but a similar circuit may 
be designed for other valves. 


B. The Transconductance Test 


Fig. 1-119 shows a circuit suitable for 
measuring the static transconductance of 
a triode. The operating voltages for the 
valve are obtained by the setting of three 
potentiometers. The filament voltage is 
obtained in a similar manner as in Fig. 
1-118 and is therefore not shown. The 
tap on RK» sets the anode voltage at a 
typical operating value as read on Vj. 
The control grid bias is set by R3 with S 
in position 1 as read on V». The valve is 
now operating and the anode current is 
measured by the milliammeter (mA). 
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Fig.1-120 Circuit for measuring the dynamic 
transconductance of a triode. 


The transconductance of the valve is 
obtained by changing the grid voltage 
and observing the corresponding change 
in anode current. This is done by moving 
S from position 2 to position 3. In posi- 
tion 2 the grid bias is increased from 
position 1 and the decreased anode current 
is noted. In position 3 the grid bias is 
decreased from position 1 and the 
increased anode current is noted. The 
static value of the transconductance in 
mhos is then given by 

difference in the anode current 
: readings (in amperes) 
gaits difference in the grid voltage 
values (in volts) 

Positions 2 and 3 of the switch may be 
preset so that the grid voltage change is 
exactly 1 volt. Then the value of the 
transconductance in mhos is equal to the 
change in anode current in amperes. 

A more useful test is one which checks 
the dynamic transconductance since it is 
the dynamic constant which is important 
in actual operation. Fig. 1-120 shows a 
circuit for measuring the dynamic trans- 
conductance of a triode. As before the 
anode voltage and grid voltage are set by 
R.and R; and read on Vi and V2. How- 
ever a load resistance R, is placed in the 
anode circuit and an a-c signal voltage of 
1 V is applied to the grid via the secondary 
of an a-c transformer 7. The varying 
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grid voltage causes the anode current to 
vary. The a-c milliammeter mA reads 
the value of the a-c component of the 
anode current flowing through the load 
R,. The dynamic transconductance 
value in mhos is then given by 


the a-c component of the anode 
current (in amperes) 
the signal voltage (in volts) 


Im = 


_ a-c component of anode current 
if 


= a-c component of anode current. 


C. Anode and Screen Current Check 


In either of the previous two circuits 
of Figs. 1-119 and 1-120, the operating 
value of the current can be checked. 
With the anode voltage and the grid bias 
set at typical operating values by means 
of the potentiometers Rz and R; 
respectively, the value of anode current 
may be noted on the anode milliam- 
meter mA and compared with the 
standard value from a table of operating 
values. In the case of a tetrode or 
pentode, the screen eurrent can be 
checked in a similar manner using the 
circuit shown in Fig. 1-121. The tap on 
R, sets the screen voltage at its correct 
operating value and the milliammeter 
mA, indicates the screen current value 


Fie.1-121 Circuit for checking anode and 
screen current of a valve. 
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which can be checked by comparison with 
a table of normal operating values. 


D. The Power Output Check 


The power output test gives the best 
indication of the performance for a power 
valve. Fig. 1-122 shows a circuit suitable 
for measuring power output of a valve 
which is operated so that anode current 
flows all the time. The heater voltage is 
set at its correct operating value. The 
taps on R, and R; set the anode voltage 
and the grid bias respectively at their 
correct operating values. The potentio- 
meter R, varies the a-c input voltage so 
that the grid voltage never swings beyond 
cut-off. The a-c component of anode 
current is made to flow through the load 
resistance R; by the high reactance of 
the choke L. The capacitance C offers 
little reactance to the a-c component of 
anode voltage but blocks the d-ce 
component. The value of the a-c 
component of anode current is read by 


1.35 Questions and problems. 

1. Define the terms: cathode, anode and 
electrode. 

2. Name four ways in which electrons 
are emitted from a substance. 
Describe each briefly. 

3. State three reasons why a valve must 
employ either gas at very low pres- 
sure or a high vacuum. 

4. (a) What is meant by positive-ion 

bombardment? 
(b) Why is it an undesirable effect? 

5. What is meant by the terms 
(a) hard valve 
(b) soft valve? 

6. Explain the effect known as occlu- 
sion of gases and state why it is an 
undesirable effect in valves. 

7. Draw diagrams to illustrate the dif- 
ference between a directly-heated 
cathode and an _ indirectly-heated 
cathode. Give the advantages and 
disadvantages of each type. 
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Fig.1-122 Circuit for measuring power output 
of a valve. 


means of the a-c milliammeter mA. From 
the current value and the known value 
of the load resistance R;, the value of the 
a-c power output (J?R) developed in the 
load resistor can be calculated. Similar 
circuits may be designed to measure the 
power output for other types of valves. 


8. Explain the term emission efficiency. 

9. Name the three types of cathode 
materials. Compare them with 
respect to emission efficiency and 
durability and hence discuss the 
restrictions on their applications. 

10. A tungsten cathode has an area of 
3 sq. cm. It is connected to a 10V 
d-c source and the filament current 
which flows is 0.5A. If the emission 
efficiency is 10mA per sq. cm. per 
watt calculate the electron emission 
current in amperes. 

11. An oxide-coated cathode is heated by 
the passage of a direct current of 
0.3A through a filament whose hot 
resistance is 21 ohms. The emission 
efficiency is 75mA per sq. cm. per 
watt. The cathode is cylindrical with 
a diameter of 1mm. anda length of 1 
inch. Calculate the electron emission 
current from this cathode in mA. 
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(a) Define the term anode 
dissipation. 

(b) How may the anode dissipation 
of a valve be increased? 

Explain why the anode in a high- 

power valve must be cooled. State 

two types of cooling. 

State five desirable characteristics 

which an anode material should 

possess. 

Name three commonly used anode 

materials and compare them with 

respect to the characteristics 

mentioned in question 14. 

Describe the two processes used in 

the complete evacuation of a valve 

envelope. 

Explain why induction heating can- 

not be used with metal valves to 

assist in the evacuation process. 

What type of heating is used with 

metal valves? 

Explain why a getter may not be 

used with high-power valves. 

Draw the circuit symbols for 

(a) directly-heated diodes 

(b) indirectly-heated diodes. 

Draw a diode with a directly-heated 

cathode in a circuit including the 

battery supplies for L.T. and H.T. 

and a resistor in series in the anode 

circuit. Indicate the directions of the 

electron flow in these circuits. 

Define the term valve characteristic. 

(a) Draw the circuit which may be 
used to obtain the characteristic 
curve of a diode. Explain the 
use of each circuit component. 

(b) Explain the procedure used in 
obtaining the characteristic 
curve in (a). 

Make a diagram to show the shape 

of the anode characteristic of a diode. 

Explain its shape. 

What is the space charge around a 

heated cathode? Explain its effect on 

the anode current as the anode 

voltage is increased. 
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Define the terms: anode saturation, 
anode voltage, diode resistance. 
Make a sketch to illustrate the con- 
struction of a triode. 
Describe the construction of the 
control grid in a triode. 
Describe the action of the control 
grid when the grid voltage is varied 
from a positive value to cut-off for a 
steady value of anode voltage. 
Draw a circuit by means of which 
the static e,—2 curves of a triode 
may be obtained. 
Make a diagram to show the shape 
of the static e¢)—72 curves. State why 
more than one curve is usually drawn. 
Explain how the static e,—7, curves 
of a triode may be obtained from the 
circuit in question 29. Explain their 
shape briefly. 
(a) Using the values in the following 
table, plot the five static e,—7, 


curves. 
KE, = OV 
€p Lp 


40V 


No 


33. 
34. 


35. 


36. 
37. 


38. 


39. 


40. 


41. 


42. 


43. 


(b) Using these curves draw a graph 
showing three static ¢,—% curves 
for E, = 100V, 150V and 200V 
respectively. 

Define the three triode factors. 

Explain how two of these factors are 

obtained from the linear portions of 

the characteristics. 

Explain how gn and 7 are obtained 

at some point on the curved portion 

of the characteristics. 

Explain the significance of p. 

State typical values for each factor 

for a triode. 

(a) From the curves drawn in 

question 32(a) calculate the 

value of 7, on the linear portion 
for H, = —1V and E, = 150V. 

From the curves drawn in 

question 32 (b) calculate the 

value of gm on the linear portion 
for H, = 150V and #, = —1V. 

State the relationship between 

the three factors of a valve. 

Calculate the value of yw using 

the values of gm, and r, obtained 

in question 38. 

Calculate the values of the three 

triode factors from the characteristics 

obtained in question 32 for the follow- 
ing operating voltages: H, = —3V 

and FE, = 200 V. 

The transconductance of a triode is 

1600 micromhos, and the amplifica- 

tion factor is 20. Calculate the change 

in anode current resulting from a 

change in anode voltage of 50 volts. 

The values of the factors and any 

changes in voltage are for the linear 

portions of the characteristics. 

Explain with the aid of a diagram the 

presence of three inter-electrode 

capacitances in a triode. Give typical 
values for each. 


Explain the purpose, position and 
action of a screen grid in a tetrode. 
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Draw a circuit which may be used to 
study the static characteristics of a 
tetrode. 

Sketch and explain the shape of the 
static ep —7% curve of a tetrode. 


(a) Using Fig. 1-45, calculate the 
value of the negative anode 
resistance of the tetrode (over 
the linear portion). 

If the transconductance is 1700 
micromhos calculate the ampli- 
fication factor using the value of 
rq found in (a). 


(b) 


State over which portion of the anode 
characteristic a tetrode is usually 
operated and explain why. 


Explain why the anode resistance of 
a tetrode under normal operating 
conditions is much higher than that 
of a triode. 


Make a sketch to show the 
components of a pentode. 


(a) Explain the position, purpose 
and action of the suppressor 
grid. 

(b) State the source of operating 

voltage for this grid. 


(a) 


Sketch a static e,—72 curve for 
a pentode. 

(b) Explain why it differs from that 
of a tetrode. 


(a) Explain over what portion of the 
€)—% curve a pentode is usually 
operated. 

(b) 


Give a typical value of the anode 
resistance of a pentode. 


The first of the following tables gives 
corresponding values of grid voltage 
and anode current for constant anode 
and screen voltages. The second 
gives corresponding values of anode 
current and anode voltage for 
constant values of screen and control- 
grid voltages. 
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(a) Plot the values given above and 
hence obtain a static e,—72, and a 
static e,—2 curve. 

(b) Calculate the transconductance, 

anode resistance and amplifica- 

tion factor for FE, = —8V, 

E, = 200V, and E.2 = 100V. 

Repeat these calculations for the 

same anode and screen voltages 

but for E, = —10V. 

State to what type of valve the 

above characteristics likely be- 

long. 


(c) 


(d) 


Explain the position, purpose 
and action of the beam-forming 
plates in a beam power valve. 
Explain why the anode current 
in a beam power valve rises to 
its full value for a lower anode 
voltage than in a standard pen- 
tode. State the advantage of this 
characteristic. 


(a) 


(b) 


Describe the construction of the 
control grid of a variable-mu_ pen- 
tode and explain how this construc- 
tion affects the anode current with 
varying grid voltage as compared 
with an ordinary pentode. 


Explain how the amplification factor 
changes with the grid bias changing 
from zero to cut-off in a variable- 
mu pentode. 
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(a) Explain the difference between 
the terms multi-unit valve and 
multi-electrode valve. 

(b) Draw circuit symbols to show 
two types of each of these two 
groups of valves. 


State three effects in a valve due to 
the presence of gas. 


Explain why a very small anode volt- 
age in a gas valve causes a saturation 
current to flow. 


Explain the term ionization poten- 
tial. 


Explain the purpose of the series re- 
sistor used with gas-filled valves. 


The ionization potential of a gas 
diode is 21V and the saturation 
current is 4A. Calculate the smallest 
value of load resistor to be connected 
in series with the diode when the 
supply voltage is 150V. 


Explain why the filament of a large 
gas valve must be switched on before 
the anode voltage is switched on. 


Explain the purpose of the heat-shield 
cylinder often placed about the 
cathode in a gas valve. 


(a) What causes are-back in a gas 
diode? 

(b) How does the maximum peak 
inverse voltage of a gas diode 
change as the temperature in- 
creases? 


Explain why current flows in a cold- 
cathode gas valve. 


What is the meaning of the term 
breakdown voltage in a cold-cathode 
gas diode? 

Draw circuit symbols of 

(a) hot-cathode gas diode 

(b) cold-cathode gas diode. 


(a) Explain the condition in a thyra- 
tron as the anode voltage is in- 
creased from zero to the ioniza- 
tion potential. 
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(b) Why has the control-grid voltage 
no further control over the anode 
current once saturation current 
flows? 

(c) How may the anode current be 
reduced to zero? 


(a) Sketch one type of construction 
of a thyratron. 
(b) Draw its circuit symbol. 


Compare the anode resistance of a 
thyratron before ionization with its 
value after ionization. 


Make a diagram to show the essen- 
tial components of an electrostatic 
type of cathode-ray tube. 


Describe the construction and func- 
tion of the following parts of a 
cathode-ray tube: 

(a) cathode 

(b) control grid 

(c) accelerating electrode 

(d) fluorescent screen 

(e) envelope. 


Describe the construction, function 
and action of the anodes in an electro- 
static c.r.t. 


Describe the position and action of 
the deflection plates in an electro- 
static c.r.t. 


Show the position of the spot on the 
screen of a c.r.t. when equal positive 
voltages are applied to the upper 
Y-plate and to the left X-plate. 


What is observed on the screen if the 
frequency of an a-c voltage applied 
to the X-plates is increased from 
2 c/s to 30 c/s? 

Define sensitivity as applied to an 
electrostatic ¢.r.t. and give the unit 
of Measurement used. 


Give two functions of the aquadag 
coating on a c.r.t. 

Explain why the second anode is 
usually operated at ground potential. 


FUNDAMENTALS 


81. 


82. 


83. 


84. 


85. 


86. 


87. 


88. 


89. 


90. 


ON 


92. 


93. 


OF RADIO 


Describe the construction and action 
of the focus coil in an electromagnetic 
Crt: 


Describe the construction and action 

of the deflection coils when 

(a) there is one pair of rotatable 
coils 

(b) there are two pairs of stationary 
coils in an electromagnetic c.r.t. 


Explain how a phototube conducts 
an electric current. 

What is one difference in operation 
between the high-vacuum phototube 
and the gas phototube? 


Draw a diagram of a tuning indica- 
tor valve and explain its action 

(a) in producing a shadow 

(b) as the shadow width increases. 
How does a tuning indicator valve 
indicate accurate tuning? 


Draw circuit symbols for a gas photo- 
tube, a beam power pentode, a 
variable-mu pentode, a tuning indi- 
cator valve. 


Describe what changes in the design 
of valves are necessary in order to 
make them suitable for use at very- 
high frequencies. 


Why must the electrodes and leads 
of an h-f valve be very rigid mechani- 
cally? 


Explain the term electron transit 
time and why its effect is undesirable 
at ultra-high frequencies. 


Explain briefly how the disk-seal 
valves differ in construction from the 
usual valve. 


Explain the significance of the 
numerals and letters in the following 
valve designations: 12SQ7-GT; 
117Z6-GT; 5Z3; 6J8-G; 6L6 
VR150; 9AP4. 

Explain the difference between abso- 
lute, C.C.S. and I.C.A.S. ratings for 
transmitting valves. 
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94. Explain the significance of the follow- 


95. 


96. 


ing ratings: anode dissipation, maxi- 
mum signal d-c anode current, peak 
inverse voltage, maximum signal 
power output, anode input, driving 
power. 


Explain the markings on the diagram 
of socket connections in Fig. 1-117 
(a), (b) and (c). 

Which test should be made first in 
checking a valve and why? 
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Explain why a dynamic transcon- 
ductance test is preferable to a static 
transconductance test. 


Explain why the power output test 
gives an excellent indication of the 
condition of a valve. 

Draw a circuit suitable for 

(a) a short-circuit test 

(b) transconductance test 

(c) power output test. 
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QUANTITY 


D-c components 


(Valve Applications) 


SUBSCRIPT 


b anode 


c control grid 


EXAMPLE 


Direct supply voltages 


Effective values of alter- 
nating components 


b, anode 
c, control grid 


Ey, I, 
EL, 


a anode 
g control grid 
g2 screen grid 


Peak valves of alternating 
components 


a anode 
g control grid 
g2 screen grid 


Instantaneous values of 
alternating components 


a anode 
g control grid 
ge screen grid 


Instantaneous values of 
the total voltage or cur- 
rent (the sum or differ- 


ence of inst. d-c and a-c 


components). 


b anode 
c control grid 


CHAPTER II 


AMPLIFICATION 


The principle of amplification is utilized 
in almost every type of electronic equip- 
ment. For example audio amplifiers 
make it possible to have one’s voice 
heard with sufficient volume to be in- 
telligible by large audiences indoocs or 
outdoors. Radio-frequency amplifiers 
make it possible to increase the power of 
tiny oscillations from low-power valve 
circuits to the level at which they may 
be propagated over thousands of miles. 
_ Even a simple radio receiver is capable 
of producing amplification of the order 
of one million times. In all these devices 
the amplification principle is employed. 
Amplification is made possible by the 
use of the vacuum tube or valve, which 
forms the heart of any amplifier circuit. 

2.1 Operation of a simple amplifier. 
A simple amplifier employing a triode 
valve is shown in Fig. 2-1.),It is charac- 
teristic of amplifiers used to amplify 
voltages in the audio-frequency range. 
The three sources of supply voltage shown 
as batteries may also be generators or 
electronic power supplies which provide 
the voltages indicated. The heater or 
filament which is used to heat the cathode 
of the valve is connected to the L.T. or 
‘‘A”’ supply. The anode of the valve is 
connected through a resistor R, called 
the anode load resistor to the positive 
terminal of the H.T. or ‘‘B”’ supply. A 
battery is connected between the grid 
and the cathode to make the grid nega- 
tive with respect to the cathode. This 
battery is called the bias battery or ‘‘C”’ 
supply and the voltage is referred to as 
the grid bias. The voltage to be ampli- 
fied is an a-c voltage which is applied 
in series with the bias between the grid 


and the cathode of the valve. This volt- 
age is called the grid signal or input 
signal and is represented in the figure by 
a generator. The amplitude of the grid 
signal is normally less than the bias for 
this type of amplifier. 

The output voltage of the amplifier is 
the a-c voltage produced across the load 
resistor R as the result of the a-c 
signal voltage applied to the grid. The 
operation of the circuit during one cycle 
of sine wave input voltage is as follows. 
When the amplitude of the signal is zero 
at the beginning of the cycle, the grid 
potential is 10 volts negative to the 
cathode (Fig. 2-1). The electron current 
from the B battery flows from cathode 
to anode through the valve and also 
through the load resistor. This current 
develops a p.d. across R so that part of 
the battery voltage appears across R and 
the remainder between cathode and 
anode of the valve. When the signal 
voltage increases during the positive half 
cycle, the grid potential becomes less 
than 10 volts negative to the cathode. 
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Fic.2-1 A simple amplifier. 
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Current increases through the valve and 
the p.d. across & increases. Since the 
potential at the upper end of Rk is main- 
tained at 300V by the battery, an in- 
crease in p.d. across R results in a de- 
crease in p.d. across the valve. Thus, an 
increase in the signal voltage causes the 
anode potential to fall. When the grid 
signal returns to zero at the end of the 
positive half cycle, the current through 
the valve and hence the anode potential 
return to their original values. When the 
signal voltage becomes negative during 
the second half of the input cycle, the 
grid potential becomes more than 10 
volts negative to the cathode. The cur- 
rent through the valve decreases and so 
the p.d. across R becomes less. Hence the 
anode potential rises. Finally, as the 
signal returns to zero at the end of the 
input cycle, the current through the 
valve increases to its original value and 
the anode potential falls to its original 
value. The complete cycle of the grid 
voltage changes gives rise to a correspond- 
ing cycle of anode voltage changes. The 
amplitude of voltage variations at the 
anode are normally larger than the volt- 
age variations at the grid. Consequently 
the circuit operates as a voltage amplifier. 

A more continuous picture of the opera- 
tion of the amplifier is provided by the 
waveforms of Fig. 2-2. During the period 
from 1 to 2 the valve operates with 
steady values of grid voltage, anode cur- 
rent and anode voltage. The grid-signal 
voltage remains constant at zero. This 
condition is represented by the straight 
horizontal line through the zero voltage 
point in graph (a). The grid bias also 
remains steady at — 10 volts as indicated 
by the horizontal line from 1 to 2 through 
—10V in graph (b). The steady grid 
voltage results in a steady flow of anode 
current. This condition is represented 
by the horizontal line through 2.29mA 
in graph (c). A steady p.d. of 57 volts 
is developed across the anode load re- 
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Fig.2-2 Waveforms of voltage and current in 
an amplifier. 


sistor which maintains the anode poten- 
tial at 243 volts. This is represented by 
the horizontal portion of graph (d). 

The first quarter of the grid voltage 
cycle is represented by the region from 
2 to 3 on each graph. During this time 
the signal voltage rises from zero to 2.5 
volts as indicated in graph (a). The grid 
potential therefore rises from —10V to 
—7.5V as shown in graph (b). This 
causes the anode current to increase from 
2.29mA to 3.23mA, graph (c). The p.d. 
across the anode load resistor increases 
causing the anode potential to fall from 
243 to 219 volts as shown in graph (d). 

The second quarter of the grid cycle 
is shown in the region from 3 to 4. Dur- 


AMPLIFICATION 


ing this time the grid signal returns to 
zero and the grid potential returns to 
the steady bias value of —10 volts. This 
condition is shown at position 4 in 
graphs (a) and (b). The decrease in grid 
voltage causes the anode current to de- 
crease to its steady value of 2.29mA, as 
shown in graph (c). Consequently the 
anode potential also returns to its steady 
value of 243 volts, graph (d). 

The third quarter of the cycle of volt- 
age changes is represented in the region 
from 4 to 5 in each graph. During this 
time the signal voltage becomes 2.5 
volts negative, the grid potential de- 
creases from —10 to —12.5 volts, the 
anode current decreases from 2.29 to 
1.35mA and the anode potential rises 
from 243 to 266 volts. During the fourth 
quarter of the cycle from 5 to 6 all volt- 
ages return to the steady state values at 
the beginning of the cycle. From the 
preceding discussion it may be seen that 
a variation of 5V in grid voltage pro- 
duces a variation of 47V in the anode 
potential and thus voltage amplification 
has taken place. 

The. waveform of the anode current 
during the cycle of voltage changes is 
that of a varying direct current. It should 
be noted that the varying d-c is equiva- 
lent to a steady d-c with an a-c super- 
imposed upon it. The d-c component of 
anode current is that current which flows 
through the valve when the grid signal 
passes through zero. It is the steady 
current which flows as a result of the 
steady grid bias voltage. The a-c com- 
ponent of anode current results from the 
a-c component of the grid voltage. 

The waveform of anode voltage is 
likewise that of a varying d-c voltage. This 
waveform may also be thought of as the 
sum of a steady and an alternating com- 
ponent of anode voltage. The d-c com- 
ponent of anode voltage is the steady value 
of the anode voltage when no a-c signal 
is applied to the grid. The a-c com- 
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ponent of the anode voltage results from the 
a-c component of the grid voltage. Since 
a rise in grid potential causes a fall in 
anode potential, the grid and anode volt- 
age changes are 180° out of phase with 
each other. 

2.2 Methods of obtaining bias. Grid 
bias is the initial steady potential between 
grid and cathode which determines the 
operating conditions of the valve. 

In the type of amplifier described in 
the previous section the bias voltage is 
usually a little less than half the negative 
grid voltage necessary to cut off the flow 
of anode current. The signal then causes 
the grid to become less negative than the 
bias voltage during one half of the input 
cycle and more negative than the bias 
during the other half cycle. The peak of 
the signal voltage is always less than the 
bias voltage so that the grid potential 
does not become either positive to the 
cathode or sufficiently negative to cut 
off the flow of anode current. 

Three methods of obtaining grid bias 
are commonly used in amplifier circuits. 
A. Fixed Bias 

Fized bias is obtained from a separate 
source of voltage called the C supply 
as shown in Fig. 2-3. This voltage source 
may consist of a battery, a d-c generator 
or a rectified a-c power supply. It is 
connected with its positive terminal to 
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Fia.2-3 Fixed bias using a battery. 
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Fic.2-4 Fixed bias using a voltage divider. 


the cathode and its negative terminal 
to the grid. Fixed bias may also be 
obtained from a voltage divider across 
the H.T. supply (Fig. 2-4). Since the 
cathode connection is at a more positive 
potential on the voltage divider than the 
grid connection, the grid is negative with 
respect to the cathode. 


B. Cathode Bias or Self-Bias 


Cathode bias is obtained by connecting 
a cathode bias resistor between —H.T. 
and the cathode of the valve (Fig. 2-5). 
The steady anode current which flows 
through the valve when no signal is ap- 
plied to the grid flows through this 
resistor. It develops a p.d. across the 
resistor with the polarity shown in the 
diagram. The cathode is connected to 
the positive end of the resistor while the 
grid is returned to the negative end 
through the source of the grid signal. The 
value of the bias is therefore equal to the 
p.d. across R, which is determined by the 
resistance of # and the current flowing 
through it. 

In designing an amplifier circuit, the 
value of grid bias is determined from 
information given in the valve manual. 
The value of anode current which will 
flow when the bias and H.T. supply volt- 
age are determined, is also given in the 
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Fia.2-5 Cathode bias. 


manual. The value of the cathode hias 
resistor which is required to produce the 
bias is then found by Ohm’s Law. 


Thus E, 
R, = 7, 
where R, = cathode bias resistance in 
ohms 
E, = bias voltage across R in volts 
I, = steady value of anode cur- 


rent in amperes. 
If the valve is of the multi-grid type or if 
grid current flows, the value of J, must 
be changed to the sum of the currents 
flowing from the cathode to all the other 
electrodes in the valve. 
Example. What value of cathode resist- 
ance is required to provide a bias of 8 
volts when the total cathode current is 
4mA? 
ERT 
4223X 1078 
Therefore, the cathode resistance is 4000 
ohms. 

While the cathode bias resistor may 
be used by itself in the circuit, it is 
common to connect a cathode by-pass 
capacitor in parallel with the resistor. 
The purpose of the capacitor is best 
understood by considering the operation 
of the amplifier when an alternating volt- 
age is applied to the grid. 
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During the positive half cycle of grid 
voltage, the current through the valve 
increases and so the p.d. across the 
cathode resistor increases. The bias 
therefore becomes greater which limits 
the current through the valve. That is, 
the anode current does not increase as 
much during the positive half cycle of 
grid voltage, as it would if the bias were 
maintained constant. Similarly, during 
the negative half cycle of grid voltage, 
the current through the valve decreases 
and so the bias is reduced. Therefore the 
anode current does not decrease as much 
as if the bias were maintained constant. 
As a result, the amplitude of anode cur- 
rent variations and hence of anode poten- 
tial variations is less than that with 
constant bias. The result is that the 
amplification of the circuit is reduced. 
This effect is referred to as degeneration 
or negative feedback. 

In order to maintain the bias constant 
and prevent degeneration, a capacitor is 
connected in parallel with the cathode 
resistor. The operation of this capacitor 
is as follows. When the grid is less nega- 
tive with respect to the cathode on the 
positive half cycle of input voltage, the 
anode current which flows through the 
parallel R-C combination increases. 
Therefore the voltage across the R-C 
combination tends to increase. The ca- 
pacitor is connected across the resistor to 
prevent the voltage across the resistor 
from increasing. That is, there is a small 
increase in the current through R and a 
relatively large current flow into the 
capacitor. Thus nearly all the increase 
in anode current is used in charging C. 
C is large enough so that it charges for 
the duration of the positive half cycle 
with very little change in the p.d. across 
it. 

When the grid is made more negative 
to the cathode on the negative half cycle 
of input voltage, the anode current is 
reduced. This reduction in current tends 
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to reduce the p.d. across the R-C com- 
bination. The reduction in p.d. is small 
because C' discharges through R. Hence 
the reduction in anode current through 
R is nearly compensated for by the dis- 
charging current of C so that the actual 
drop in p.d. across R is small. C is large 
enough so that it can discharge through 
R for the duration of the negative half 
cycle with very little change in the p.d. 
across it. In terms of current com- 
ponents, C should have sufficient capaci- 
tance to by-pass the alternating com- 
ponent of anode current around R and 
permit only the d-c component to flow 
through Rk. In order to do this effec- 
tively, the reactance of the capacitor to 
the alternating current flowing through 
it should be less than one-tenth of the 
resistance of R. If currents at several 
frequencies are being amplified at one 
time, this reactance must be computed 
for the lowest frequency component 
which is to be by-passed. 


Example. An amplifier is to amplify 
voltages at frequencies in the audio range 
from 200 c/s to 5000 c/s. The cathode 
resistor is 1000 ohms. Find the capaci- 
tance of the cathode by-pass capacitor 
which should be connected in the circuit. 

Since the resistance is 1000 ohms, the 
reactance of the capacitor should be 
about 100 ohms at the lowest frequency 
of 200 c/s. Substituting in the formula 


1 
Keng 
2nfC 
1 
ee 6.28 x 200C 


Therefore the required capacitance is ap- 
proximately 8X<10~° farads or 8 micro- 
farads. In practice, a 10-microfarad 
capacitor would be used. 


C. Grid-Leuk Bias 


1. Saunt Type. 


Grid bias may also be obtained by 
placing a resistor and capacitor in the 
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Oulput 
voltage 


Fia.2-6 Grid-leak bias, shunt type. 


grid circuit as shown in Fig. 2-6. The 
grid capacitor is connected between the 
source of signal voltage and the grid. 
The resistor is connected between the 
grid and the cathode and is called the 
grid-leak resistor. Bias is established by 
developing a varying voltage across the 
grid-leak resistor, the d-c component of 
which makes the grid negative to the 
cathode. 

In the absence of a signal voltage, 
there is no p.d. across R and hence there 
is no bias. During the first positive half 
cycle of input voltage, the grid is made 
positive to the cathode. The electrons 
which are attracted to the grid from the 
cathode constitute a flow of grid current. 
This current causes the capacitor to 
charge, the grid side being negative with 
respect to the signal side. During the 
negative half cycle of the signal voltage, 
the grid is made negative to the cathode 
so that grid current ceases to flow. The 
capacitor discharges a small amount 
through R. This develops a p.d. across 
& which makes the grid end negative 
with respect to the cathode end. The 
instantaneous grid voltage then equals 
the signal voltage plus the p.d. established 
across C by the flow of grid current as 
shown in Fig. 2-7. The values of C and 
R are so chosen that their time constant 
is long in comparison with the period of 
the signal voltage. Hence C loses only a 
small part of its charge during the nega- 
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tive half cycle of input voltage. During 
each succeeding cycle, the grid is driven 
positive to the cathode at the peak of 
the grid voltage swing when the signal 
voltage exceeds the voltage across C. 
C therefore charges further and the bias 
produced across R becomes larger. This 
condition is indicated during the first 
four cycles of the grid-signal voltage in 
Fig. 2-7. Thereafter the grid is driven 
positive for only a small time at the 
peak of each cycle. The grid current 
which flows during this time is just 
sufficient to re-establish the charge on C 
which is lost through R throughout the 
remainder of the cycle. The grid bias 
remains constant and its value is given 
by Ohm’s Law, 

E., =“UR 
grid bias in volts 
d-c component of grid cur- 
rent flow in amperes 

R = resistance of the grid-leak 
resistor in ohms. 

In order to maintain a reasonably 
large bias with a small flow of grid cur- 
rent, the resistance of R is made very 
large and the capacitance of C very 
small. At the same time, the time con- 
stant of R-C must be large in comparison 
with the period of the signal voltage. 


where E,, 
I, 


l| 


Signal voltage 


Grid potential 


Fic.2-7 Development of grid bias. 
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Fi1a@.2-8 Grid-leak bias, series type. 


The amount of bias produced by the 
grid-leak arrangement is proportional to 
the amplitude of the grid signal. Since 
the grid-leak resistor is in parallel with 
the grid-cathode circuit of the valve, the 
bias is referred to as the shunt type of 
grid-leak bias. 


2. Series TYPE. 


A slightly different arrangement of 
circuit components (Fig. 2-8) results in 
the serzes type of grid-leak bias. The 
operation of the circuit during the estab- 
lishment and maintenance of bias is 
similar to that of the shunt type. During 
a brief period at the positive peak of each 
input cycle, the grid is driven positive 
to the cathode. The capacitor charges, 
making the grid side negative with 
respect to the signal side. During the 
remainder of the cycle, C discharges 
somewhat through R maintaining the 
grid bias. As in the case of shunt bias, 
the time constant of R-C must be large 
so that the bias does not fall appreciably 
from one cycle to the next. This type 
of circuit arrangement also produces a 
bias which is proportional to the ampli- 
tude of the grid signal. 


2.3 Static characteristics and dynamic 
characteristics. Two types of static 
characteristic curves of valves are 
described in Chapter I. They are the 
static e,—2% curves shown in Fig. 1-26 
and the static e,—7 curves shown in 
Fig. 1-27. These characteristics are sup- 
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plied by the manufacturer to describe 
the performance of the valve. When a 
valve is used in an amplifier-circuit, an 
impedance called the load is connected 
between the anode and the positive ter- 
minal of the supply voltage. During 
normal operation of the amplifier, the 
grid voltage, anode current and anode 
voltage all vary at the same time. Conse- 
quently, the conditions in the valve, 
although represented by either family of 
static characteristics as a whole, are not 
represented by any one curve of the 
family. Moreover, the relationship be- 
tween grid voltage and anode current, 
for a given valve, varies with different 
values of the load impedance. To describe 
the operation of the valve in an amplifier 
circuit therefore, it is necessary to draw 


-a set of characteristic curves for the 


specific load impedance in use. Such a 
graph is the dynamic characteristic of the 
valve. There is just one dynamic e,—1, 
characteristic and one dynamic e)—1, 
characteristic for a given amplifier circuit. 

In order to present these curves in 
their proper perspective, it is necessary 
to recall the method of obtaining the 
static characteristics referred to in 
Chapter I. 


A. The e,—-t Curves 


The static e,—2 characteristics are 
obtained by connecting the valve in the 
circuit of Fig. 2-9, with no load imped- 
ance in the anode circuit. With the 
anode voltage fixed, the grid voltage is 
varied in steps and the corresponding 
values of anode current are recorded. 
These values are plotted to give one 
curve of the family of e,—7, characteris- 
tics shown in Fig. 2-10. 

The anode voltage is then set at another 
fixed value and a new set of values of 
grid voltage and anode current is ob- 
tained. These values are plotted on the 
same graph to give another curve of the 
complete family. A sufficient number of 
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Fia.2-9 Circuit used to obtain static 
characteristics. 


these curves is plotted to give a complete 
picture of the operation of the valve 
under normal operating voltages. 

The dynamic characteristic is obtained 
in a similar manner but with a load 
impedance connected in the anode cir- 
cuit (Fig. 2-11). The supply voltage is 
kept constant and the anode current is 
measured for various values of grid 
voltage. The dynamic characteristic 
shown in Fig. 2-12, is then obtained by 
plotting the values of grid voltage and 
anode current. The static characteristics 
are shown on the same graph for com- 
parison with the dynamic characteristic. 
The latter is seen to lie across the static 
curves and not along or parallel to any 
one of them. 


— 


ee 


Fia.2-11 Circuit used to obtain 


: eh dynamic 
€c—ty characteristics. 
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Fra.2-10 Static e, —7, characteristics of a triode. 


B. The ¢&—% Curves 

The static e,—72 characteristics of the 
valve are obtained by using the same 
circuit (Fig. 2-9) as that used to obtain 
the e,—%) curves. Each curve shown in 
Fig. 2-13 is obtained by recording and 
plotting the values of anode voltage and 
anode current for a fixed grid voltage. 
Finally, the dynamic e, —72 characteristic 
is obtained from the circuit of Fig. 2-14. 
The values of anode voltage and anode 
current are measured for various values 
of grid voltage. These are plotted to give 
the graph of Fig. 2-15 which is observed 
to be a straight line. This dynamic 
€) — 1 characteristic is called the load line 
of the amplifier. The static and dynamic 
€)—t characteristics are plotted on the 


+ 


Static ce, — ty 
characteristics 


NX 
t,(mA ) 


= ¥ a 
Dynamic e, —ty Vern ae 
characteristic 
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Fig.2-12 Static and dynamic 


eke Ce — ty 
characteristics. 
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Fia.2-13 Static e,—7% characteristics. 


same graph in Fig. 2-16. The load line 
is seen to lie across the static e, —7, curves. 
C. Derivation of Dynamic Characteristics 
from Static Characteristics 

The load line corresponding to any 
value of anode load resistance may readily 
be determined when the static e,—2, 
curves are available. Since the load line 
is known to be a straight line, only two 
points on it must be determined to fix 
its position. These are the zero anode 
current and zero anode voltage points 
and are obtained from the following 
considerations. 


Fia.2-14 Circuit used to obtain dynamic 
€y —%p characteristics. 
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ep(volts) 


Fia.2-15 Dynamic e,—% characteristic or 
load line. 


If no current flows through the valve, 
a condition which exists when the grid 
poténtial is beyond the cut-off potential, 
there is no p.d. across the anode load 
resistor. The anode voltage is then at 
the value of the supply voltage. One 
point on the load line is therefore that 
at which the anode current is zero and 
the anode voltage is equal to the H.T. 
value. As the H.T. voltage is known, 
this point on the zero current axis is 
readily determined. 

On the other hand, the maximum cur- 
rent that could flow through the valve 


100 200 
€p(volts) 


Fia.2-16 Static and dynamic eé»)—ip 
characteristics. 


2:10 


would be that which would develop the 
entire H.T. supply voltage across the 
anode load resistor. The anode voltage 
would then be zero. This value of anode 
current may be found from Ohm’s Law 
as follows 
En 
R, 
where J, = maximum possible anode 
current in amperes 

Ey = supply voltage in volts 

R, = load resistance in ohms. 
A plot of this value of anode current on 
the axis of zero anode voltage provides 
the second point on the load line. The 


Pe ae 


Dynamic €,—%i, characteristic 


Anode load = 25000 ohms 
HD = 3000) 


20 
Grid potentiat (volts; 
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straight line through these two points is 
then the load line. 

The dynamic e,—7 curve of an ampli- 
fier may be derived from the combined 
load line and static e, —7, characteristics. 
A series of values of anode current and 
grid voltage are read from the points of 
intersection of the load line and the 
static e,—2 curves of Fig. 2-16. These 
derived values are plotted to give: the 
dynamic e,—7, curve. 

D. Application of the Characteristics in 
Circuit Analysis 

The characteristic curves are used to 

determine the output voltage waveform 


Anode current (mA) 


Anode current variations 
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Grid signal voltage 


Fie.2-17 Graphical representation 


of e—%» variations. 
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of an amplifier with a given input voltage 
waveform. There are three ways of doing 
this. 


Metuop 1 


The first method of determining the 
output voltage waveform makes use of 
the dynamic e,—2 curve as shown in 
Fig. 2-17. The dynamic e,—7 curve of 
the amplifier is obtained by using the 
circuit shown in the same diagram. It 
should be recalled that the dynamic 
characteristic refers to a specific value 
of anode load resistance and anode 
supply voltage as well as to a particular 
valve. 

The grid bias voltage is represented by 
the point marked — 10 volts on the grid 
potential axis to the left of the origin. 
A vertical line drawn through this point 
locates the operating point P on the 
€:—t% curve. This line is also used as a 
time axis for the grid signal. One cycle 
of the sinusoidal grid-signal voltage is 
drawn on this axis, beginning at ¢) and 
ending at t,. The displacement of any 
point on this curve from the vertical axis 
through the origin represents the instan- 
taneous value of grid potential at the 
corresponding instant of time. The value 
of anode current corresponding to any 
value of grid potential is found by draw- 
ing a vertical line through the grid 
potential point to meet the e,—2 curve. 
A horizontal line is then drawn from this 
point to the anode current axis and the 
corresponding value of anode current is 
determined. In particular, the value of 
anode current corresponding to a grid 


Jit 


potential of —10 volts is seen to be 
2.29mA. The horizontal line through 
the operating point is used as a time axis 
for plotting the variations in anode cur- 
rent produced by the cycle of grid voltage 
variations. To each point on the grid 
voltage curve, there corresponds a specific 
value of anode current. The complete 
set of anode current values plotted on 
the time axis gives rise to the complete 
cycle of anode current. 

Having obtained the graphical picture 
of the operation of the circuit as shown 
in Fig. 2-17, the variations in anode 
voltage may be determined and the 
amplification calculated. The p.d. across 
the load resistor is found from Ohm’s 
Law. This p.d. is subtracted from the 
supply voltage to give the value of 
anode voltage. For example, the anode 
current of the valve corresponding to 
—10 volts bias and no signal is 2.29mA. 
The p.d. across the 25,000 ohm load 


9X 25,000 ) or 57 volts. 


1000 
Hence the anode potential at the operat- 
ing point equals (300—57) or 243 volts. 
The table at the bottom of this pageshows 
the values of grid potential, anode cur- 
rent, p.d. across the load resistor and the 
anode voltage respectively at times to, 
ti, te, t3 and t, of the grid voltage cycle. 
As the grid potential varies from —7.5 
volts to —12.5 volts, the anode poten- 
tial varies from 219 volts to 266 volts. 
That is, a variation of 5 volts in grid 
potential produces a variation of 47 volts 
in anode potential. Hence the ampli- 
fication of the circuit is 4% or 9.4. 


resistor is 


ANODE 
POTENTIAL 


248 volts 
220 
243 
266 
243 


ANODE P.D. 


CURRENT Across Loap 


2.29 mA 57 volts 
o.20 81 
2.29 57 
Lido 34 
2.29 Di 


GRID 
POTENTIAL 


— 10 volts 
—7.5 
—10 
—12.5 
—10 
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Fia.2-18 Graphical representation of @ —t —ep variations. 


MerxHop 2 

The second method of obtaining the 
output voltage waveform makes use of 
both the dynamic e,—7 and ¢ —% curves 
as indicated in Fig. 2-18. This method is 
the same as the first method as far as 
finding the anode current waveform is 
concerned. The anode current waveform 
is then applied to the load line to find 
the output voltage waveform. The 
method of carrying out these operations 
is indicated by the dotted lines in Fig. 
2-18. The dotted lines are projected 
upward from points of maximum and 
minimum grid voltage to the dynamic 
€,—% curve aud then horizontally to the 
load line. The heights of the horizontal 
dotted lines represent the values of the 
anode current corresponding to the maxi- 
mum and minimum values of grid voltage. 
The times corresponding to these values 
of grid voltage and hence to those of 
anode current may be read from the in- 
put voltage curve. Thus the anode cur- 
rent waveform is plotted on a time base 
between the dynamic mutual charac- 
teristic and the load line. The dotted 
lines are now projected down from the 
load line. The displacements of the lines 
to the right of the 7, axis of the load line 


represent the values of anode voltage at 
the times corresponding to the dotted 
lines. An output voltage waveform there- 
fore, is plotted on a time base below the 
load line graph as indicated. It should 
be noted that the anode current wave- 
form need not be drawn to find the 
output voltage. 
Metuop 3 

A third method of obtaining the out- 
put voltage waveform using the load 
line is illustrated in Fig. 2-19. Because 
each static e,—7 curve corresponds to a 
different grid voltage, the load line may 
be used as a grid voltage axis for the 
graph. The input voltage waveform is 
applied to the graph along a time axis 
perpendicular to the load line. The out- 
put voltage is found by projecting dotted 
lines from the points of maximum and 
minimum grid voltage upon the load line. 
Dotted lines are then projected vertically 
downward to the anode voltage axis 
indicating the values of minimum and 
maximum anode voltage. The anode cur- 
rent waveform is plotted by projecting 
dotted lines on the anode current axis 
from the points on the load line which 
represent the maximum and minimum 
grid voltage. This method has the 


AMPLIFICATION 2:13 


Input grid signal voltage f 
A 


He Xd 
“A 
Ui 
ZL 
(A ,) ye 

; ye : y 

7 V a 

V4 7 
7 DY ao 
74 7 
Ze 7 
va S 74 
Y Zi 

iY “ 


ye as 
Vi eit 
7 
. Q@ A 
Load line ow 
AY 7 
ws 
7 
Sy 
ay 7 
GY 


€,(volts) 


i,(mA ) 


Anode current 


to 


Output anode voltage 
| 


Fia.2-19 e, —i) —e) variations plotted on load line. 


advantage of requiring fewer graphs than 
the previous method. 

2.4 Determination of amplification 
from the equivalent circuit. The graphical 
methods described in the preceding section 
are of the utmost value in understanding 
the operation of an amplifier and in 
predicting its performance. In particular, 
the amplification or gain, A, of an 
amplifier may be determined by means 
of these graphs. The amplification is the 
ratio of the output voltage to the input 
voltage. It may also be expressed in 
terms of the valve factors and the circuit 
constants by a consideration of the 
equivalent circuit of the amplifier. The 
actual circuit and the equivalent circuit 
are shown in Fig. 2-20 and Fig. 2-21 


respectively. In order to appreciate their 
equivalence, the meaning of amplifica- 
tion factor is recalled. The amplification 
factor uw is equal to a very small change 
in anode voltage Ae,, divided by the 
change in grid voltage Ae, which would 
produce the same change in anode cur- 
rent Az as was produced by Ae. 
Expressed as a formula, this becomes 
NGS 

A Ae. UAE, 

So far as the circuit is concerned, the 
valve is the equivalent of an a-c generator 
which produces a voltage of magnitude 
ue, in series with the a-c resistance of 
the valve r,, and the load resistance Ry. 
The generator causes the current Az, to 
flow through the resistances r, and R,. 


or Aé, 


Mb 
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Fic.2-20 Amplifier circuit showing voltage and 
current symbols. 


This concept is illustrated by the circuit 
of Fig. 2-21 in which the valve and the 
external circuit are separately enclosed 
in dotted lines. An analysis of the opera- 
tion of the equivalent circuit is somewhat 
simpler than that of the original circuit 
because the d-c components of current 
and voltage in both the input and output 
circuits are eliminated. These com- 
ponents are of no consequence in 
determining the gain of the circuit as an 
a-c voltage amplifier. 

The change in anode current At 
which is caused by the change in grid 
voltage Ae, is given by Ohm’s Law as 
follows: 
uLAe, 


leas es 


The change in voltage produced across 
Ry, caused by this changing current is 
also given by Ohm’s Law 


Ae = Aw XR, 
Substituting for Az, gives 
Oe Pe WLXE, 
ate “a Rp +r. 


In an amplifier the changes in current 
and voltage are the alternating com- 
ponents caused by the alternating input 
voltage. Therefore Ae,, Ai, and Ae, 
may be replaced in the expressions by 
€y, 1q and e, respectively. 
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Fic.2-21 Equivalent 
loaded amplifier. 


Hence the gain A = Z 


where A = stage gain 
u = amplification factor 
of the valve 
R, = effective resistance 
of load in ohms 
Tq = anode resistance of 
the valve in ohms. 
The gain of the amplifier shown in Fig. 
2-20 is calculated as follows: 


a0) 
tg = T7000 
R, = 80002 
A fe 20 x 8000 
a 7700+8000 
_ 160,000 
~ 15,700 
= 10.2 


Therefore the amplification is 10.2. 

The values of u and 7, were obtained 
from the valve manual. The result given 
by this equation agrees closely with that 
found by the graphical method from 
which the value of the gain is 9.4. Thus 
the need of drawing the graph to deter- 
mine the gain is eliminated. 
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If R, is increased to 15,000 ohms, the 
gain becomes 
Fee 20 X 15,000 
15,000+7700 
_ 300,000 
= 22,700 
= 13.2 
Thus, for a resistive load, the gain may 
be increased by: 
(i) selecting a valve with a high yu 
(ii) making R, very large compared 
with r,. 

If R, is made very large, then the value 
Rr 
als 
In this case, the gain approaches a value 
equal to the amplification factor of the 
valve. In practice it is possible to obtain 
a gain almost equal to u. However, when 
R, is increased, the d-c voltage drop, 
I,R 1, across it is increased and the anode 
voltage E, is reduced. This leads to 
inefficient operation of the valve. Hence, 
a larger H.T. supply is necessary to 
provide the required anode voltage. 
Usually, the value of R; which is selected 
for the amplifier is a compromise reached 
after considering several conflicting 
factors such as the H.T. supply voltage 
available, the gain required, the ampli- 
fication factor and the a-c resistance of 

the valve. 

2.5 Two-stage a-f voltage amplifiers. 
An amplifier is frequently required to 
provide a higher gain than that possible 
from a single stage of amplification. The 
required degree of amplification may be 
obtained by connecting two or more 
amplifier stages in series or cascade. The 
output voltage from the first stage is 
coupled to the grid of the second stage. 
The circuit used to provide the load 
impedance of the first amplifier and pass 
on the output voltage to the second 
amplifier is called the inter-vulve or inter- 
stage coupling circuit. Three types of 
coupling circuits are used with a-f volt- 
age amplifiers. They are: 


of becomes nearly equal to unity. 


ifs 


Fic.2-22 Resistance-capacitance coupled. 
amplifier. 


Input 


(i) resistance-capacitance coupling 
(ii) inductance-capacitance coupling 
(iii) transformer coupling. 
Acomplete understanding of the coupling 
circuit is necessary in order to appreciate 
the operation of the amplifier as a whole. 


A. Resistanee-Capacitance Coupling 

A two-stage voltage amplifier with 
resistance-capacitance coupling between 
stages is shown in Fig. 2-22. Triode 
valves V; and V2 are used in identical 
circuits. Bias is provided by a resistance- 
capacitance network in the cathode cir- 
cuit of each valve. The a-c voltage to be 
amplified is applied between grid and 
cathode of the first valve. The amplified 
output voltage of this stage is developed 
across the anode load resistor R;. C is 
the coupling capacitor which couples the 
a-c output voltage of the first stage to 
the grid of the second stage. In addition 
this capacitor blocks the d-c voltage at 
the anode of V, from the grid of V2. 
Rz. is the grid-leak resistor of the second 
stage. 

The operation of the coupling circuit is 
best understood by referring to the volt- 
age waveforms of Fig. 2-23. The graphs 
show two phases in the operation of the 
circuit. During the time interval indi- 
cated by XY, no a-c signal is applied 
to the grid of V,, while in the interval 
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Fia.2-23 Voltage waveforms produced by R-C 
coupling. 

YZ an a-c voltage of sinusoidal wave- 
form and constant amplitude is applied 
as the input to Vi. 

When no signal is applied to the grid, 
the current through the valve is a steady 
d-c. This current develops a d-c voltage 
across R, causing the anode potential of 
V, to remain at a steady value which is 
somewhat less than the H.T. supply 
voltage. The coupling capacitor C 
charges through R, and R, until the 
p.d. across it equals the anode potential. 
Thereafter, the voltage across C remains 
constant and no p.d. exists across Ro. 
Hence the grid potential of V» is main- 
tained at zero. It is important that there 
be very little leakage of electrons through 
C as this would cause a positive potential 
on the grid of V2 in opposition to the 
cathode bias. 

During the interval from Y to Z, an 
a-c signal is applied to the grid of Vj. 
The input voltage shown in (a) causes 
fluctuations in current through the valve 
which in turn causes the anode potential 
to vary as shown in (b). The variations 
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in anode voltage are then applied across 
C and R» in series. C blocks the d-c 
potential and most of the a-c component 
of the anode voltage appears across M2 
as shown by the waveform in (c). 

The values of C and Re are chosen 
after a consideration of two factors. 
Since C and Rz in series are in parallel 
with V,, the total impedance of C and 
R, should be large in order to prevent a 
short-circuiting effect on Vi. This factor 
suggests that the value of R should be 
very large and that the capacitance of C 
be small. However the minimum size of 
C is determined by the frequency of the 
a-c signal. C is chosen to be sufficiently 
large so that. most of the a-c voltage at 
the anode of V, is developed across Re 
and only a small part of it is lost across 
C. To accomplish this the resistance of R» 
is at least 10 times as great as the reac- 
tance of C at the frequency of the signal. 
Under these conditions also, the a-c grid 
voltage of V2 is almost in phase with the 
anode voltage of V; and 180° out of 
phase with the grid voltage of V;. In 
practice the coupling capacitor in resist- 
ance-capacitance coupled a-f amplifiers 
is of the order of .00luF to .1uF and the 
grid-leak resistor 100,000 ohms to 1MQ. 

The a-c voltage applied to the grid of 
Vis normally smaller in amplitude than 
the grid bias applied to V». Hence, the 
grid is negative to the cathode during 
all parts of the cycle and no electrons are 
attracted to the grid. The coupling 
capacitor therefore charges and dis- 
charges only through the grid-leak re- 
sistor A. If the grid-leak resistor is open- 
circuited, operation of the amplifier may 
appear normal for a time. Eventually 
however, electrons striking the grid, in 
spite of its negative bias, accumulate on 


_ Ccausing the bias to increase. If this con- 


tinues, the coupling capacitance C may 
charge to a higher d-c voltage than the 
steady component of anode voltage of 
Vi. Hence the bias on the second valve 
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increases until it cuts the valve off. This 
is called grid blocking. It may even occur 
if Re is present in the circuit but has an 
excessively large resistance. In this case 
blocking is only temporary until the 
electrons which have accumulated on C 
have had time to leak off and the bias is 
sufficiently reduced to permit current to 
flow again in V». Intermittent blocking 
of this type is called squegging. 

B. Inductance-Capacitance Coupling 

It is possible to replace the anode load 
resistor of an a-f voltage amplifier by an 
iron-core inductor or the primary of an 
a-f transformer. Such a coupling circuit 
is referred to by the term impedance 
coupling. An a-f voltage amplifier which 
employs inductance-capacitance or choke- 
capacitance coupling is shown in Fig. 
2-24. The operation of the grid and 
cathode circuits is the same as that 
described for resistance-capacitance 
coupled amplifiers. The voltage to be 
amplified is applied between grid and 
cathode of the valve. The variations in 
cathode-to-anode electron flow caused by 
the a-c grid signal, develop a varying 
voltage across the inductance in the 
anode circuit. The a-c voltage produced 
at the anode is then applied to the 
following stage across the coupling capa- 
citor and grid-leak resistor in series. 


2:17 


This type of load has the advantage 
that the d-c resistance of the inductor is 
usually very small, of the order of a few 
hundred ohms. Consequently, the d-c 
voltage developed across the load is also 
small and the steady anode potential is 
close to the potential of the H.T. supply. 
A lower value of supply voltage may 
therefore be used than in the case of a 
resistance load to produce the same anode 
potential. The a-c impedance of the load 
may be made very large by making the 
inductance large. The reactance of the 
load is given by the formula 


X, = 2rfL 
where X,; = reactance of the load in 

ohms 

f = frequency of the a-f volt- 
age which is being ampli- 
fied in c/s 

L = inductance of the load in 
henries. 


The equivalent circuit of an amplifier 
with impedance loading is shown in Fig. 
2-25. It is similarto that of the resistance- 
loaded amplifier of Fig. 2-21, except that 
the load contains two components Ry, 
and L;. Ry, is the resistive component 
of the inductor while L, is the inductive 
component. 

When the load is inductive, the phase 
angle between the grid voltage and the 
anode voltage of the valve is no longer 
180°. The phase angle depends upon the 
relative values of inductance and resis- 
tance in the inductor. It also depends 
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Fiag.2-25 Equivalent circuit of impedance- 
loaded amplifier. 
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upon the relative values of the load 
impedance and the a-c resistance of the 
valve. The departure from 180° is 
greatest when the inductive reactance of 
the load is very large in comparison with 
its resistance and when the impedance 
of the load is small in comparison with 
the a-c resistance of the valve. Under 
these conditions the phase angle between 
the input and output voltages approaches 
270°. The formula for calculating the 
gain of an impedance-loaded amplifier is 
somewhat different from that of the 
resistance-loaded amplifier which was 
derived in section 2.4 as 
why, 
Tater 
In the case of an impedance load the total 
resistance in the equivalent circuit is 
R,+1r, which is in series with the induc- 
tive reactance X,. Since the total resis- 
tance and the reactance are vectorially at 
right angles the magnitude of the total 
impedance of the circuit is given by 
VOPR EXE 
Further, the magnitude of the impedance 
of the inductor is WR,?+ X;”. 
Thus the gain is given by the formula 
As pr/ R,?+ X;? 
V (rat Rr)?+ X 7? 
where A = stage gain 
# = amplification factor of valve 
Ry, = resistance of inductor in 
ohms 
X; = inductive reactance of in- 
ductor in ohms 
ra = anode resistance of valve in 
ohms. 
If the resistance of the inductor is neg- 
ligible compared to its reactance and to 
the anode resistance of the valve, which 
is usually the case in practice, this 
formula becomes 
ue Ca 
Vra+ X;? 
where A = stage gain 
# = amplification factor of valve 
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and X, = inductive reactance of in- 
ductor in ohms 
r, = anode resistance of valve in 
ohms. 
This formula may be written in the form 
wv 


A= 
/1+(3) 


It should be noted that the gain of the 
amplifier depends upon the ratio of rq 
to X,. If the load reactance is very 
large in comparison with the a-c resis- 


i. 
tance of the valve, then a has a small 
L 


value. The gain of the amplifier is then 
almost as large as the amplification fac- 
tor u of the valve. On the other hand, 
if the load reactance is small in com- 
parison with the a-c resistance of the 
valve, the gain is considerably smaller 
than the amplification factor. Further, 
since the reactance of the load depends 
upon the frequency of the a-c voltage 
being amplified, the gain varies at dif- 
ferent frequencies, becoming greater as 
the frequency increases. 
To sum up, the gain of an impedance- 
loaded amplifier is increased 
(i) by making the inductive reactance 
of the load larger in comparison with 
its resistance 


(ii) by making the reactance of the load 
larger in comparison with the a-c 
resistance of the valve 

(iii) by increasing the frequency of the 
signal voltage within certain limits. 

The principle of resonance may also 
be used to advantage in the inductance- 
loaded amplifier. If the inductance of 
the load is made to resonate with the 
self-capacitance of the inductor and the 
interelectrode capacitance of the valve, 
the load may be made a parallel resonant 
circuit at the frequency of the signal 
which is being amplified. Under these 
conditions the load impedance is a maxi- 
mum and is approximately resistive. 
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Consequently the gain of the amplifier 
is very high. 

In most a-f voltage amplifiers, induc- 
tance-capacitance coupling has no ad- 
vantages over transformer coupling 
which is discussed below. Furthermore, 
inductance-capacitance coupling is more 
bulky than resistance-capacitance coup- 
ling. For these reasons, it is not now 
often used. The development of high- 
quality transformers and high-mu valves 
has rendered inductance-capacitance 
coupling obsolete in a-f voltage amplifiers. 


C. Transformer Coupling 


An a-f voltage amplifier which employs 
transformer coupling between stages is 
shown in Fig. 2-26. The primary wind- 
ing of the coupling transformer is con- 
nected in the anode circuit of the first 
valve. The secondary circuit of the 
transformer is connected between grid 
and cathode of the following stage. 

The a-f voltage applied to the grid of 
the valve causes variations in the anode 
current which flows through the primary 
of the coupling transformer. The a-c 
component of the anode current sets up 
a varying magnetic field about the 
primary circuit which links the turns of 
the secondary and induces in it a cor- 
responding a-c voltage. 

As in the case of the resistance-loaded 
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and inductance-loaded amplifiers, the 
effective impedance of the transformer 
primary must be large in comparison 
with the anode resistance of the valve. 
In this way the gain of the stage may be 
made to approach the amplification fac- 
tor of the valve. In order to achieve this 
condition, comparatively low-mu triode 
valves are used. Typical values of pu 
range from 8 to 20 and values of a-c 
resistance from 7500 to 15,000 ohms are 
common. 

A further gain is provided by a step- 
up transformer ratio of about 1:3. Such 
a ratio usually provides a reasonable 
match between the required a-c load 
impedance in the anode circuit and the 
higher impedance of the grid circuit to 
which the secondary is connected. 

As in the case of inductance loading, 
the transformer has the advantage of 
presenting a very small d-c resistance in 
the anode circuit of the valve. Conse- 
quently the d-c voltage drop in the 
primary is small and a lower value of 
supply voltage may be used than with a 
resistance-loaded amplifier. 


2.6 Requirements of audio-frequency 
amplifiers. In order to appreciate the 
requirements which must be met by the 
audio-frequency amplifier in the repro- 
duction of audio signals, it is necessary 
to understand the response of the ear to 
sounds of varying pitch, loudness and 
quality. 


A. Effect of Pitch 


The pitch of a sound is the auditory 
effect of frequency. When the note of 
lowest pitch on a piano is played by 
striking the key at the extreme left end 
of the keyboard, the piano string is made 
to vibrate about 27 times per second. 
The string sets up vibrations in the 
sounding board and in the surrounding 
air, which are carried to the ear of the 
listener. The sound waves entering the 
ear set the ear drum in vibration at the 


Intensity in decibels 
threshold of hearing at 1000 c/s) 
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frequency of the string. 
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These vibra- 


tions are transmitted to the nerve end- 
ings in the inner ear and are interpreted 
by the brain as a sound of low pitch. 
If now the key at the extreme right end 
of the piano keyboard is struck, a string 
is set in vibration at a frequency of 4096 
vibrations per second. The diaphragm of 
the ear is made to vibrate at the same 
frequency and the brain interprets the 
sound as one of high pitch. The range 
of human hearing is not limited to that 
of the piano, of course; most people are 
able to hear sounds over the frequency 
range from 16 c/s to about 16,000 c/s. 


Fig. 2-27. 


B. Effect of Loudness 


The range of human hearing is limited 
not only as to pitch, but also as to in- 
tensity. The lowest sound intensity that 
can be heard by the ear is referred to as 
the threshold of hearing and is represented 
by the lower boundary of the chart in 


The top boundary of this 


chart is called the threshold of feeling 
and sounds of greater intensity become 
Tests indicate that 
the ear is most sensitive to sounds of 
about 2000 c/s and that its response is 
fairly uniform over the range 800 c/s to 
5000 c/s. The sensitivity falls off pro- 
gressively for frequencies below 800 c/s 
and above 5000 c/s as indicated in the 


painful to the ear. 


chart of Fig. 2-27. 
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In addition to the non-uniformity in 
the response of the ear indicated above, 
the ear has a logarithmic response to 
intensity of sound. That is, the apparent 
loudness of sound is not proportional to 
the intensity of the source but to the 
logarithm of the intensity. In order to 
increase the loudness of a sound to 
double its former value, the intensity 
must be increased ten times. 

The gain of an amplifier is measured in 
decibels above or below a fixed reference 
level which is usually the threshold of 
hearing. One decibel is equal to 1/10 
of a bel. The number of bels equals the 
logarithm of the ratio of the two levels 
of intensity or power. The number of 
decibels is therefore equal to ten times 
the logarithm of the ratio of the two 
power levels. 


That is, No. of bels = log —* 


No. of decibels = 10 log —- 


where P,; = the larger power in watts 
P, = the smaller power in watts. 
In the case of an amplifier in which the 
output power is greater than the input 
power, the gain is expressed in positive 
decibels (+db). If the output power is 
less than the input power, the attenua- 
tion is expressed in negative decibels 
(—db). 
Thus to compare two power levels of 
3 watts and 30 watts in bels and decibels, 
No. of bels = log 32 = log 10 = 1 
No. of decibels = 10 log 22 = 10. 
That is, an increase in power of 10 times 
is equivalent to an increase of 1 bel or 
10 decibels and would sound twice as 
loud to the ear. The boundaries in F ig. 
2-27 marked 0, 30, 60, 90, 120 decibels 
therefore represent loudness levels in the 
ratios 0: 3:.6: 9: 12. The logarithmic re- 
lationship between the intensity of the 
stimulus and the physiological response 
is known as the Weber-Fechner Law. 
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C. Effect of Quality 

It is convenient for purposes of analysis 
to consider the effect of sounds of in- 
dividual frequencies when investigating 
the operation of the ear, an amplifier, 
microphone, loudspeaker, or any other 
audio device. It should be noted that 
nearly all sounds which reach the ear 
are of a very complex nature and consist 
of a blend of many sounds which differ 
in loudness and pitch arriving at the 
ear simultaneously. The particular com- 
bination of these components gives the 
sound its quality. It is the slight differ- 
ences in quality of speech which makes 
it possible to distinguish one person’s 
voice from another. Similarly, differ- 
ences in quality of the sounds produced 
make it possible to distinguish between 
a piano and a violin. Both instruments 
may be producing the same fundamental 
tone but differ in quality because of the 
difference in the number and prominence 
of the harmonics mixed with the funda- 
mental. In the same way, the quality 
of an amplifier is dependent upon its 
ability to amplify sounds of a wide 
range of frequencies and in their proper 
proportions. Moreover, it may be seen 
from Fig. 2-27 that if the level of sound 
volume produced by an amplifier is to 
be increased from say 30db to 60db, 
the amount of gain required in the middle 
frequency range is not the same as 
that in the low- and _ high-frequency 
ranges. Conversely, if an amplifier in- 
creases the volume of all frequencies by 
the same amount the quality of the 
reproduction may appear to change as 
far as the ear is concerned. 

Speech frequencies usually fall within 
the limits 200 c/s to 3000 c/s. If either 
the low frequencies or the high frequen- 
cies are not produced, the signal becomes 
less intelligible. Tests show, however, 
that voice signals still retain 90% of 
their intelligibility when all frequencies 
below 900 c/s are eliminated. Similarly, 
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all frequencies above 3000 c/s can be 
eliminated and 90% of the intelligibility 
is maintained. In each of these cases, 
however, the reproduction sounds un- 
natural. If the middle-frequency range 
is narrowed beyond these limits, intelli- 
gibility falls off rapidly. 

2.7 Frequency response of an ampli- 
fier. The term frequency response when 
applied to an amplifier: refers to the 
ability of the circuit to amplify voltages 
over a given range of frequencies. If a 
circuit. provides amplification over a 
comparatively small range of frequen- 
cies, it is said to have a narrow or selective 
frequency response. If it amplifies uni- 
formly over a very wide range of frequen- 
cies it is said to have a wide or flat 
response. The significance of these terms 
is best understood by a consideration of 
the frequency-response curve of an am- 
plifier. 

An experimental circuit used to de- 
termine the frequency response is shown 
in Fig. 2-28. The amplifier with its 
input coupling circuit C,R, and output 
coupling circuit C2R,2 is provided with 
normal supply voltages. A sinusoidal 
input voltage of variable frequency is 
applied by a suitable signal generator 
connected in the grid-cathode circuit. An 
a-c voltmeter V; is connected across R, 
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to measure the amplitude of the input 
voltage. A second a-c voltmeter Vs is 
connected across R» to measure the out- 
put voltage. From the readings of these 
two voltmeters, the gain may be de- 
termined. 

The amplitude of the input voltage is 
maintained constant and at a normal 
level for the particular amplifier through- 
out the experiment. The frequency of 
the input is then varied in steps from 
the lowest to the highest frequency which 
the amplifier is designed to handle. The 
reading of V2 is noted at each of these 
frequency settings and a table of values 
of gain and frequency is recorded. From 
these values, a graph is made using 
frequency as abscissae and gain as ordi- 
nates. Such a curve is called the fre- 
quency-response curve of the amplifier. 
The graph of Fig. 2-29 illustrates the 
type of response curve obtained with a 
resistance-capacitance coupled a-f volt- 
age amplifier. The central portion of the 
graph indicates the region over which the 
gain of the amplifier remains substan- 
tially uniform. The term flat response 
applied to an amplifier, therefore, refers 
to uniform amplification. The frequencies 
included in this range are called the 
mid-frequencies. If this range is com- 
paratively large, the amplifier is said to 
have a wide frequency response. If the 
mid-frequency range is small the ampli- 
fier has a narrow or selective response. 
Frequencies below the mid-frequency 
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Fic.2-29 Frequency-response curve of an audio- 
frequency amplifier. 
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range are called the low frequencies while 
those above the mid-frequency range are 
called the high frequencies. 

The most desirable shape for the fre- 
quency-response curve depends upon the 
purpose for which the amplifier is de- 
signed. If the circuit is to be used for 
the amplification of radio-telephony 
signals, it should have a flat response 
over the range of voice frequencies. These 
frequencies generally fall within the limits 
200 c/s to 3000 c/s. 

For high fidelity reproduction of r-t 
signals and for music, the flat portion of 
the response curve should be extended to 
cover the range from 20 c/s to 20,000 
c/s. This range includes all the frequen- 
cies produced by musical instruments 
from the lowest notes of the bass horn 
to the shrill sounds in the upper registers 
of the piccolo and violin. Moreover, this 
range of frequencies encompasses the 
entire range of human hearing. 

The factors which affect the shape of 
the frequency-response curve of a resist- 
ance-capacitance coupled a-f voltage am- 
plifier are best understood by reference 
to the equivalent circuit shown in Fig. 
2-30. This circuit is similar to the equiva- 
lent circuit of Fig. 2-21 but includes in 
addition the coupling capacitor C. and 
the grid-leak resistor R. of the follow- 
ing stage. The voltage developed across 
this resistor is the input signal to the 
following stage. In addition the diagram 
shows the input and output capacitances 
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Fia.2-30 Equivalent circuit of an a-f voltage 
amplifier. 
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of the valve C; and C, respectively. 
These capacitances affect the shape of 
the response curve in the high-frequency 
regions. 

An amplifier is usually designed to 
give maximum gain at the mid-frequen- 
cies. It is therefore convenient to begin 
an analysis of the circuit operation at 
these frequencies. The coupling capaci- 
tor C2 which is connected in series with 
R, across FR, is chosen so that its re- 
actance at the mid-frequencies is small 
in comparison with the resistance of Re. 
It is effectively an a-c short circuit be- 
tween the anode of the first valve and 
the grid of the second valve and may be 
omitted from the equivalent circuit dia- 
gram. Also, at the middle and low 
frequencies, the input and output capaci- 
tances of the valve may be neglected. 
Since the reactance of a capacitor is 
inversely proportional to the frequency 
of the voltage applied to it, C; and C, 
present very large impedances in parallel 
with R;, and RF» and have practically no 
shunting effect on the signal. The equi- 
valent circuit of the amplifier therefore 
reduces to that shown in Fig. 2-31 for 
the mid-frequencies. 

The decrease in gain at low frequen- 
cies is due to the increase in the reactance 
of the coupling capacitor as the frequency 
decreases. As a result, a larger fraction 
of the output voltage appears across the 
capacito1 C, and a smaller fraction of 
the voltage appears across the grid-leak 
resistor R» of the next stage. Since only 
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for low frequencies. 


the latter voltage forms the input to the 
next stage, the over-all gain falls off 
rapidly in the low-frequency region. The 
equivalent low-frequency circuit is shown 
in Fig. 2-32. If it is desired to extend the 
flat portion of the response curve toward 
the low-frequency end, the value of C.2 
must be increased. 

At high frequencies, the input and out- 
put capacitances of the valve together 
with stray wiring capacitance reduces 
the gain. These capacitances are so 
small and their reactances so large at low 
frequencies that their effects may be 
neglected. The interelectrode capaci- 
tances which determine. the input and 
output capacitances of a triode valve are 
illustrated in the diagram of Fig. 2-33. 
The input capacitance C; is due to the 
capacitances C,, between grid and cathode 
and C,, between grid and anode. These 
two capacitances between the grid and 
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Fia.2-33 Interelectrode capacitances in a 
triode amplifier. 
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a-c ground are effectively in parallel and 
therefore add together. In addition Cya 
depends upon the amplification of the 
valve, Cj. being greater when the gain is 
greater. The exact relationship between 
these capacitances, which is developed 
in the applied mathematics section at 
the end of this chapter, is given by the 
formula 
C; =o ok + Cyq(1+A) 
where C, = input capacitance of the 
valve 
Cy, = grid-to-cathode capacitance 
Coa = grid-to-anode capacitance 
A = stage gain. 

The input capacitance of the valve 
has a shunting or short-circuiting effect 
on the signal voltage which is applied 
between grid and ground. The shunting 
effect becomes more pronounced as the 
frequency of the signal is increased. This 
causes the gain of the circuit to fall off 
at high frequencies. 

The output capacitance C> of the stage 
consists of the anode-to-cathode inter- 
electrode capacitance C., in parallel with 
the stray capacitance between the 
anode wiring and ground. These capaci- 
tances are so small that their effect is 
negligible at low frequencies. At high 
frequencies, the reactance of C, is con- 
siderably less. It presents a shunting 
effect in parallel with the load impedance 
which reduces the gain considerably. 
The frequency at which the response 
begins to fall off is determined to a 
large extent by the output capacitance 
of the valve. In order to extend the 
response of the amplifier toward the 
higher frequencies, it is necessary to 
maintain a small value of output capaci- 
tance. The equivalent circuit of Fig. 
2-34 shows those components which are 
effective in determining the high-fre- 
quency response of the amplifier. 

The frequency response of an ampli- 
fier is often extended by reducing the 
value of the anode load resistance, as 
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Fia.2-34 Equivalent circuit of an a-f amplifier 
for high frequencies. 


illustrated in Fig. 2-35. The flat portion 
of the response curve is extended from 
10,000 c/s to 50,000 c/s by reducing the 
load resistance from 500,000 ohms to 
50,000 ohms in a particular amplifier. 
By this means, the output impedance is 
kept substantially greater than the load 
resistance, even at the higher frequencies. 
It should be noted, however, that this 
reduction in load resistance also causes 
the gain to be reduced to half its original 
value. 

2.8 Pentode amplifiers. Pentodes are 
frequently used in resistance-capacitance 
coupled a-f voltage amplifiers. Pentode 
amplifiers provide a higher gain per stage 
for the same H.T. than triode amplifiers. 
A typical amplifier circuit employing a 
pentode valve is shown in Fig. 2-36. 
C,R, make up the input coupling circuit 
and C.,R» provide cathode bias. R, is 
the anode load resistor and C, the out- 
put coupling capacitor. The suppressor 
grid is maintained at the same d-c poten- 
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Fia.2-35 Effect of reducing load resistance on 
the frequency-response curve of an amplifier. 
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Fic.2-36 Resistance-capacitance coupled 
pentode amplifier. 


tial as the cathode and at a-c ground 
potential by Cy. R3 and C3 provide the 
correct a-c and d-c potentials to the 
screen grid. fs is the screen voltage 
dropping resistor. Screen current passing 
through this resistor drops the screen 
voltage from +H.T. to a value which 
allows the correct amount of space cur- 
rent to flow in the valve. The screen 
current contains alternating components 
similar to those in the anode current. 
If these components are allowed to pass 
through R3, degeneration takes place. 
That is, if the control grid is made less 
negative, the anode and screen currents 
increase. The increase in screen current 
causes a larger p.d. across #3, the screen 
voltage is reduced and the anode current 
is reduced. The reduction in anode 
current reduces the output voltage, de- 
creasing the gain of the stage. To pre- 
vent degeneration, the by-pass capacitor 
C3 is included in the circuit. This capaci- 
tor maintains the screen at a steady 
potential in the same manner as C2 
maintains the cathode at a steady poten- 
tial. Since the cathode, screen and sup- 
pressor are kept at steady potentials, 
only the control grid and anode vary in 
potential. Hence the equivalent circuit 
of a pentode is the same as that of a 
triode. 
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The grid-to-anode capacitance of a 
pentode is much smaller than that of a 
triode and therefore the impedance be- 
tween these two electrodes is much 
higher. In this way the screen grid 
effectively isolates the input from the 
output circuit. The input capacitance of 
a pentode is also much smaller than that 
of a triode. Thus a pentode amplifier 
has a smaller shunting effect on the out- 
put of the preceding stage. 

Because of the reduced input capaci- 
tance and high amplification factor, the 
effect of stray wiring capacitance is more 
noticeable than with a triode valve. For 
this reason the circuits must be carefully 
laid out and may evén require shielding. 

The a-c resistance of a pentode is high, 
sometimes as much as one or two meg- 
ohms. This means that changes in load 
impedance have a greater effect on the 
gain of a pentode stage than a triode 
stage. The amplification factor of a 
pentode is also high, in the neighbour- 
hood of 1000. However, the gain is 
limited by the size of the load resistor. 
If it were made equal to the anode 
resistance, an excessively large H.T. volt- 
age would be required to provide a 
reasonable anode potential. Regardless 
of this limitation, higher values of stage 
gain are obtained with pentode ampli- 
fiers than with triodes. 


2.9 Effect of coupling components on 
formula for stage gain. In order to calcu- 
late the gain of an amplifier, it is neces- 
sary to refer again to the equivalent 
circuit diagrams. 


A. Triode Amplifiers 


It is pointed out in section 2.4 that the 
triode amplifier may be considered for 
purposes of analysis as being equivalent 
to a generator providing an a-c voltage 
of magnitude we, in series with the anode 
resistance of the valve r, and the load 
resistance R; as shown in Fig. 2-37. This 
type of equivalent circuit is generally 
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F1G.2-37 Equivalent circuit of triode amplifier. 


referred to as a constant-voltage-generator 
form of equivalent circuit. The a-c com- 
ponent of anode current is found by 
applying Ohm’s Law to the equivalent 
circuit and is given by the formula 
Meg 

toatl 
The a-c component of anode voltage, 
therefore, is Wries pe Rr 

iat fotader 
The amplification or gain of the ampli- 
fier is the ratio of anode voltage to grid 
voltage. That is 


la = 


Ca pRr 

ahs é, . tatRz 
or Peete as 

Ta 

LA x, 


This formula may be expanded to 
calculate the gain of the complete circuit 
including the coupling capacitance and 
the grid-leak resistance of the following 
stage. For the mid-frequencies, the 
coupling capacitance is effectively a short 
circuit and may be omitted as shown in 
the equivalent circuit of Fig. 2-31. The 
effective load resistance R, is then the 
anode resistance AR, and the grid-leak 
resistance Fz in parallel (Fig. 2-22). 
These resistances may be combined by 


ive chy 
Roe fi Re 
or lie = Fike 
R:+R, 
Substituting for R, in the gain formula, 

mv 

ql yp Tali + Ro) 

Rik» 
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B. Pentode Amplifiers 
In the case of a pentode amplifier in 

which the load resistance is a small frac- 
tion of the anode resistance of the valve, 
the gain is more dependent on the trans- 
conductance of the valve than on the 
amplification factor. 
Substituting 

LL = YmTq in the above formulas, 


5 = Gnbita 
. Ta SS Rr 
and ge JImeg’altt 
5 Ta sie Ry, 


From this formula, it appears that the 
amplifier is equivalent to a generator 
producing a current equal to g,,e, which 
is made to flow through rz and R, in 
parallel. The circuit therefore takes the 
form shown in Fig. 2-38 and is referred 
to as the constant-current-generator form 
of equivalent circuit. This form is more 
useful than the constant-voltage-generator 
form for the study of amplifiers contain- 
ing tetrodes, pentodes and beam power 
valves. 

The gain of the pentode amplifier is 
found as before by dividing the anode 
voltage by the grid voltage. 


R 

A =e Ca a Gm" a L 

€q Tot hey 
or A= Sn 
14+_% 
Ry 


To obtain the gain of the entire circuit 
operating in the mid-frequency range, it 


t= Jmo 


© " 


Fig.2-38 Constant-current-generator form of 
equivalent circuit. 
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is necessary to substitute 
Rik» 
gar ER 
Ima 
ra(RitR 2) 
au RR, 

2.10 Distortion. In the preceding sec- 
tions, it has been assumed that the wave- 
form of the output voltage of an ampli- 
fier is the same as the waveform of the 
input voltage in every respect except 
amplitude. In practice, this condition is 
frequently difficult to achieve. Any 
change in the output waveform intro- 
duced by the valve or the circuit is 
called distortion. It is usually desirable 
to reduce distortion to a minimum in 
audio-frequency amplifiers as it causes 
voice and music to sound unnatural or 
even unintelligible. 
tion, distortion may cause the observed 
patterns to be so blurred as to be useless. 
However, distortion is not always un- 
desirable. Some radio and radar circuits 
such as detectors, frequency multipliers, 
differentiating circuits and other wave 
shapers make use of distortion. 

The three main types of distortion 
with some of the more common sources 
of each are discussed in the following 
paragraphs. 

A. Amplitude Distortion 

Distortionless amplification can take 
place only when the valve is made to 
operate over the linear portion of the 
dynamic e,—% characteristic. Although 
no part of the mutual characteristic is 
strictly linear, the centre portion is suffi- 
ciently linear to give negligible distor- 
tion. If the valve is properly biased and 
the grid-signal amplitude restricted suffi- 
ciently to maintain operation in the 
linear region, the output waveform is an 
exact amplified copy of the input wave- 
form. 

If, however, the valve is made to 
operate over the curved portion of the 
characteristic, either by the use of in- 
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Fic.2-39 Operation on the lower-bend portion 
of the characteristic. 


correct bias or by applying too large a 
signal voltage to the grid, amplitude dis- 
tortion results. In this case the amount 
of gain changes as the amplitude of the 
signal changes. One type of amplitude 
distortion is illustrated by the diagram 
of Fig. 2-89. Too much negative bias is 
applied to the grid of the valve so that it 
operates over the lower curved portion 
of the characteristic. This causes the 
anode current to increase more on the 
positive half cycle than it decreases on 
the negative half cycle. Hence one half 
of the waveform is amplified more than 
the other half and distortion is intro- 
duced. The average anode current is 
greater when the signal is applied than 
for no signal. This type of distortion 
may be detected by inserting a d-c 
milliammeter in the anode circuit. If 
the anode current increases when a signal 
is applied to the grid, then too much 
negative grid bias has been used. 

If the grid bias is too small, the valve 
operates on the upper bend of the charac- 
teristic as shown in Fig. 2-40. In this 
case the negative half cycle of the signal 
is amplified more than the positive half. 
The average anode current is less than 
the no-signal value and a milliammeter 
inserted in the anode circuit registers a 
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Fia.2-40 Operation on the upper-bend portion 
of the characteristic. 


decrease in current when a signal is 
applied to the grid. 

An amplifier stage may be operated 
with such a bias and input that the posi- 
tive half cycles of grid-signal voltage are 
large enough to drive the grid positive 
for part of each cycle. The resulting dis- 
tortion may be understood by referring 
to the diagram of Fig. 2-41. The input 
voltage EH; applied across C, and R, 
causes a current J; to flow through R,. 
During the positive half cycle of the 
input voltage, electrons flow from ground 
through R, to charge C,. It is this flow 
of electrons through R, which maintains 
the grid-cathode voltage. If the grid is 
driven positive to the cathode, electrons 
are attracted to the grid to charge C,. 
Hence the voltage across R, is reduced 
and the grid voltage does not rise as high 
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Fia.2-41 Grid current flow. 
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Fia.2-42 Distortion due to grid current flow. 


as the signal voltage rises. The greater 
the grid current flow, the smaller the 
effective positive half cycle of the grid- 
signal voltage. Hence the increase in 
anode current is not as great as the de- 
crease on the negative half cycle when 
no grid current flows. The resulting dis- 
tortion is represented graphically in Fig. 
2-42. The dotted portions of the input 
and output curves represent the wave- 
forms which would exist if no grid cur- 
rent were to flow. The remedy for these 
types of distortion is to increase the 
anode voltage so that a longer straighter 
portion of the characteristic is obtained, 
or to select a valve which can handle the 
input without producing distortion. The 
following examples illustrate the opera- 
tion ranges which permit distortionless 
amplification for two triode valves of 
different characteristics. The dynamic 
mutual characteristics for the two valves 
are illustrated in Fig. 2-43. 

For Valve 1 the grid-swing range for 
distortionless amplification is 18V. For 
Valve 2 the range is 32V. Valve 1 is 
therefore able to handle a grid signal of 
9V amplitude while Valve 2 can handle 
an amplitude of 16V. 

It should be noted that Valve 1 has 
higher values of amplification factor and 
anode resistance. Hence the following 
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Fiac.2-43 Operating region for distortionless 
amplification. 


general rule is indicated. The greater the 
grid swing to be handled by a valve, the 
lower should be the amplification factor 
and a-c resistance of the valve if the 
output is to be undistorted. 

The effect of amplitude distortion is 
the generation of new frequencies, either 
harmonics or sum and difference frequen- 
cies. For this reason, amplitude distor- 
tion is sometimes called harmonic dis- 
tortion. 

Amplitude distortion may be intro- 
duced in other parts of the circuit than 
the valve itself. Coupling devices, 
especially transformers, may have non- 
linear characteristics similar to those of 
valves. Also, audio devices such as ear- 
phones, speakers and microphones may 
introduce distortion. Weak magnets, 
and magnetic saturation due to excessive 
currents, frequently produce this effect. 

Amplitude distortion is not always 
undesirable, however. It is utilized in 
squaring or limiting circuits, detectors 
and frequency multipliers. 


B. Frequency Distortion 


It is pointed out in section 2.8 that it 
is difficult to design a circuit which will 
provide uniform amplifications of volt- 
ages over a wide range of frequencies. 
An audio-frequency amplifier is con- 
structed to amplify as uniformly as pos- 
sible voltages at frequencies contained 
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in normal speech and music. A complete 
picture of the gain of the circuit is 
provided by the frequency-response 
curve. Uniform amplification takes place 
over the range of frequencies for which 
the response curve is flat. The ampli- 
fication normally falls off at the very 
low and very high frequencies. This is 
indicated by a drop in the response curve 
over these frequencies. The reduced 
gain at the extreme frequencies is caused 
by the change in reactances of coupling 
capacitors, inductive loads, self-capaci- 
tances of windings, interelectrode capa- 
citances and other non-resistive com- 
ponents. 

If the waveform of the input voltage 
to an amplifier is not a sine wave, the 
voltage contains components at various 
frequencies. If some of these components 
are amplified more than others, the wave- 
form of the output voltage is different 
from that of the input and distortion 
has been introduced. This type of dis- 
tortion is called frequency distortion since 
it is caused by a variation in voltage gain 
at various frequencies. 

Frequency distortion is also used to 
advantage in certain circuits such as 
selective amplifiers, differentiating cir- 
cuits, frequency multipliers, filters and 
tone controls. 


C. Phase Distortion 


The output voltage of an amplifier 
with a resistance load is 180° out of 
phase with the input voltage. If the load 
is reactive, this phase difference between 
output and input voltages is not 180°. 
Moreover it varies with changes in fre- 
quency. Hence, if the input voltage 
contains components of various fre- 
quencies, the phase relationships of the 
components are changed in the output. 
As a result the shape of the output wave- 
form differs from that of the input and 
distortion has been introduced. Phase 
distortion usually occurs in the circuits 


2:30 


with reactive components such as coup- 
ling circuits, grid bias circuits and de- 
coupling circuits. 

Phase distortion is negligible in most 
a-f amplifiers. In video amplifiers how- 
ever, where uniform amplification is re- 
quired over an extremely wide range of 
frequencies, phase distortion is one of the 
chief types and one of the most difficult 
to eliminate. 

In circuits used as wave shapers, phase 
distortion as well as frequency distortion 
is frequently utilized to change the shape 
of the waveform. 

2.11 Audio-frequency power ampli- 
fiers. The purpose of the amplifiers 
discussed in the previous sections is to 
provide an alternating output voltage 
which is an amplified replica of the input 
voltage. The prime consideration in the 
design of the voltage amplifier is to ob- 
tain the highest possible gain provided 
that distortion is not introduced in any 
large degree. 

The power amplifier on the other hand 
is designed to deliver maximum undis- 
torted power to a load impedance while 
the voltage gain is of minor importance. 
A typical a-f power amplifier used to 
drive a loudspeaker is shown in Fig. 
2-44. The circuit is similar in construc- 
tion and operation to the voltage ampli- 
fier. The chief differences between the 
two types of amplifiers lie in the design 
of the valves and in the Hype of load 
impedance used. 

The valve is biased so that the operat- 
ing point is at the middle of the straight 
portion of the e,—7, characteristic. Bias 
is provided by the resistor Ry and the 
a-f by-pass capacitor C, in the cathode 
circuit. The values of these components 
are selected from the same considerations 
as those which apply to voltage ampli- 
fiers. The a-f signal voltage is coupled 
to the grid of the amplifier through the 
coupling capacitor C;. The grid-leak 
resistor #, provides a ground return for 
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Fic.2-44 Audio-frequency power amplifier. 


any electrons which might accumulate 
on the grid. 

The anode load impedance is the 
primary circuit of the output transformer 
T. The variations in the anode current 
caused by the grid-signal voltage induce 
an a-c current in the transformer secon- 
dary and this current flows through the 
speaker. Since the speaker is a current- 
operated device, it is desirable to cause 
as large a current as possible to flow 
through it. This is obtained by the use 
of a valve which conducts a very large 
anode current and by the use of the 
transformer. The transformer provides 
a step down in voltage and therefore a 
step up in current from the anode circuit 
to the speaker. In terms of impedances, 
the transformer is used to match the 
higher impedance of the anode circuit 
to the lower impedance of the speaker 
coil. 

Power valves, whether used in receivers 
or in transmitters, must be capable of 
passing a heavy current to the load im- 
pedance. Consequently the power valve 
is fitted with a large cathode which is 
capable of high electron emission. Large 
anodes are also used to dissipate the heat 
produced within the valve. Since the 
power valve is preceded by one or more 
stages of a-f voltage amplification, it 
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must be designed so that it can handle 
large input voltages without overload- 
ing. This requirement has led to the 
development of valves having a mutual 
characteristic which is linear for com- 
paratively wide swings of grid voltage. 


A. Maximum Power Output 


The primary consideration in a power 
amplifier is to secure maximum power 
output within the permissible limits of 
distortion. A fundamental law of elec- 
tricity is that maximum transfer of 
energy from a source to a load takes 
place when the impedance of the load is 
equal to the impedance of the source. 
This law is true whether the source of 
power is a battery, a generator, or a 
valve supplying power to a load. In the 
case of the power amplifier circuit, there- 
fore, maximum power is transferred from 
the valve to the speaker when the im- 
pedance of the load circuit is made equal 
to the anode resistance of the valve. 
Expressed in mathematical symbols, Z, 
must equal rq. 

The power relations in a triode ampli- 
fier with a load resistance Ry, are illus- 
trated by means of the dynamic e,—1, 
characteristics of the valve as shown in 
Fig. 2-45. The steady operating anode 
voltage is EH, and the corresponding 
steady anode current is J,. Thus point P 


on the load line represents the operating . 


point. The grid-signal voltage causes 
the anode current to vary from 2) mini- 
mum to 7 maximum. The corresponding 
limits of the anode voltage are e, maxi- 
mum and ¢ minimum. The useful power 
output is the a-c power developed in the 
load and is given by the formula 
P Te El a 
where P,..=a-c power output in watts 
E, =effective value of the a-c 
component of anode voltage 
I, =effective value of the a-c 
component of anode current. 
The peak values of a-c anode voltage 
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Fia.2-45 Operation of a-f power amplifier. 


and current, are observed from Fig. 2-45 
to be EH, maximum and J, maximum 


respectively, 
where E, maz — ©&b max — Ey 
and ie maz — Up nape ts 


But the effective value of a sine-wave 
voltage or current is equal to the peak 
value divided by +/2. 


; EK 
i.e. E, = —™ 


it & max 
and y bag 


ay 
Consequently P,.. = El, 


iN) 


Ey max x I, mar 

2 
That is, the useful output power in the 
anode circuit equals half the product of 
the peak values of a-c anode voltage and 
current. 
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B. Distortion In Power Amplifiers 


Since the anode resistance of a triode 
is small, the load impedance must also 
be small to obtain maximum power out- 
put. When a valve is operated with 
such a low value of load impedance, a 
considerable amount of distortion is in- 
troduced. The distortion is due to the 
curvature of the dynamic e,—7, charac- 
teristic for low values of R,. As a result, 
the positive half cycle of the grid-signal 
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Fiq.2-46 Distortion in a power amplifier. 


voltage is amplified more than the nega- 
tive half. This effect is illustrated in 
Fig. 2-46, in which a sine waveform of 
grid voltage produces an asymmetrical 
waveform of anode current. If the anode 
current waveform is resolved into its 
sinusoidal components, it is found to 
consist chiefly of the fundamental and 
second harmonic components as shown 
by the dotted waveforms. The ratio of 
the peak values of second harmonic and 
fundamental components expressed as a 
percentage is called the percentage dis- 
tortion. Distortion in the amplifier may 
be reduced by increasing the value of the 
anode load resistance as this tends to 
reduce the curvature of the characteristic. 

The a-c power output, when operation 
is restricted to the linear portion of the 
characteristic, is given by the formula 

rae = TR, 
effective value of the a-c 
component of anode current 
Ry, = effective resistance of the 

load. 


I, = 


where J, = 


wi, 
Tat Ry 
as derived from the equivalent circuit. 
If the load is pure resistance, the a-c 
power output is a maximum when 


Also, 


Ry, Sn 
pH 
Le = ? 
PaRe 
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The maximum a-c power output is then 
given by 


Eee mar 
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SS 
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That is, the maximum a-c power output 


is proportional to the square of the grid- 
signal voltage and the factor ygm which 
depends only on the construction of the 
valve. This maximum a-c power output is 
accompanied by considerable distortion. 


C. Optimum Power Output 


The optimum power output is a 
compromise between the maximum power 
output obtained when R,; = 7,, and the 
power output which may be obtained 
with a reasonable amount of distortion. 
The optimum power output is obtained 
when theload impedance is approximately 
equal to twice the anode resistance of the 
valve. In this case there is less than 5% 
distortion and the power output is only 
about 10% lower than the maximum 
value. Thus, in a power amplifier circuit, 
the choice of load impedance is determined 
by the value of r, in the valve selected, 
whereas in the voltage amplifier circuit 
the load impedance should be as large as 
possible to obtain maximum gain. 


D. Power-Amplification Ratio and 
Power Sensitivity 


In a power amplifier the term cor- 
responding to the gain of a voltage 
amplifier is the power-amplification ratio. 
It is the ratio of the a-c power output to 
the a-c power consumed in the grid 
circuit. If the amplifier is operated so 
that the grid signal does not exceed the 
grid bias, grid current does not flow. 
Hence the power supplied to the grid 
circuit is negligible and the power 
amplification is extremely high. In this 
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case the term may have little significance 
and the performance of the amplifier 
may be better represented by its power 
sensitivity which is defined by the 
relationship 

a-c 


E,’ 


Power Sensitivity = 


and is expressed in mhos. 

This ratio provides a convenient measure 
for comparing power valves since it 
expresses the relationship between power 
output and the amount of input voltage 
required to produce that power. 


E. Anode Efficiency and Anode 
Dissipation. 


In a power amplifier, d-c power is 
supplied to the valve through the anode 
circuit by the H.T. supply. The useful 
power output is a-c power. Thus a 
power amplifier converts d-c power to 
a-c power under the control of the alter- 
nating voltage applied to the grid of the 
valve. 

Some of the input power is lost in the 
valve as heat and some appears in the 
load as d-c power in addition to the 
useful a-c power output. The ratio of 
a-c power developed in the load to the 
d-c power input to the valve expressed 
as a percentage is called the efficiency of 
the anode circuit. The anode efficiency 
is increased by reducing the d-c com- 
ponent of anode current or by increasing 
the a-c component. 

In power amplifiers in which the valve 
is biased so that the operating point is at 
the centre of the straight portion of the 
characteristic and distortion is low, the 
anode efficiency seldom exceeds 25%. 
Since the power output is proportional 
tothe square of the alternating component 
of the anode current, a small a-c com- 
ponent of anode current results in a low 
power output in comparison with the 
power input and hence low efficiency. 

The amount of power lost in the valve 
as heat is called the anode dissipation. 
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It is equal to the difference between the 
d-c power input to the valve and the a-c 
power output. In valves in which the grid 
is biased half way to cut-off, the power 
input to the valve remains constant 
and is independent of input voltage 
variations over the linear portion of the 
characteristic. However, the a-c power 
output varies as the square of the input 
voltage for a given load resistance. Thus 
the a-c power output increases and the 
anode dissipation decreases when the 
grid-signal voltage increases. That is, the 
valve operates at a lower temperature 
when delivering a large amount of power 
to the load than when producing a small 
output or none at all. 

Therelationships between the d-c power 
input to the valve, the anode dissipation 
and the a-c power output in this type of 
amplifier are shown graphically in Fig. 
2-47 for one cycle of sine-wave voltage 
applied to the grid. The d-c and a-c 
grid voltages are shown in Fig. 2-47 (a). 
The anode current and anode voltage 
waveforms are shown in Fig. 2-47 (b) 
and (c). The energy supplied to any 
part of the circuit during one cycle of 
operation equals the product of the 
power in that component and the dura- 
tion of the cycle. The total energy 
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Fia.2-47 Anode efficiency of a power amplifier. 
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Fia.2-47 Anode efficiency of a power amplifier 
(d) Distribution of energy with no grid voltage, 
(e) Distribution of energy with grid voltage. 


supplied by the power supply during one 
cycle is made up of two parts, the energy 
supplied to the valve and the energy 
supplied to the load. The total energy 
equals the product of the supply voltage 
Ey, the anode current J, and the dura- 
tion ¢:, and is represented by the area 
ODEC, Fig. 2-47 (d). When no signal is 
applied to the grid, the energy supplied 
to the valve equals the product of the 
anode voltage EH,, the anode current I, 
and the time ¢;. This is represented by 
the area OABC. Hence the area ADEB 
represents the energy supplied to the load. 

The distribution of energy between 
the valve and the load when the signal 
voltage is applied is shown by the graph 
of Fig. 2-47 (e). The instantaneous power 
in the valve equals e7,. Hence the energy 
supplied to the valve during one cycle is 
represented by the area under the ¢,2, 
curve. The area above this curve re- 
presents the energy supplied to the load. 
The graph indicates that there is a 
transfer of energy from the load to the 
valve during the first half of the cycle 
and from the valve to the load during 
the second half cycle. The a-c energy 
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output from the valve to the load is 
equal to the difference between the 
heavily shaded area above AB and the 
heavily shaded area below AB and 
equals approximately 25% of the energy 
supplied to the valve. Hence the anode 
efficiency of the valve is approximately 
25%. 

The maximum anode-dissipation rating 
of a valve is the maximum amount of 
power which it is able to absorb and 
radiate or conduct away safely as heat. 
It depends upon the maximum tempera- 
ture that the anode can reach without 
giving off absorbed gas or emitting 
electrons. It sometimes happens that the 
input voltage is accidentally removed 
from a valve which is operating close to 
its maximum anode dissipation with the 
result that the temperature is suddenly 
increased above the allowable value and 
the valve is destroyed. 


F. Parallel Operation. 


A power output greater than that 
which a single valve provides is obtained 
by connecting two or more valves in 
parallel. Fig. 2-48 shows the method of 
connecting two valves, usually of the 
same type, in parallel in an a-f power 
amplifier. The two grids are connected 
together and the signal voltage applied 
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Fi1c.2-48 Operation of valves in parallel. 


AMPLIFICATION 


to both. The two cathodes are connected 
together and a common bias network 
consisting of R2C serves the two valves. 
The anodes are also connected together 
and the two anode currents flow through 
the primary winding of the output trans- 
former. The input voltage which can be 
handled without overloading is no greater 
than that for a single valve but the 
total anode current is double that of 
either valve working alone. The effective 
anode resistance of the two valves is 
therefore half the resistance of a single 
valve. The output transformer must 
match this reduced impedance to the 
impedance of the load circuit. 

2.12 Push-pull amplifier. The distor- 
tion of the output voltage waveform due 
to the curvature of the mutual charac- 
teristic is greatly reduced by connecting 
two valves in a push-pull circuit. This 
reduction in distortion makes available 
an optimum power output which is more 
nearly equal to the maximum power out- 
put obtainable from the valves. 

A push-pull circuit using transformer 
input coupling and transformer output 
coupling is shown in Fig. 2-49. The circuit 
is a typical a-f power amplifier used to 
furnish undistorted power to a loud- 
speaker. The two valves are of the same 
type and while triodes are shown in the 
diagram, beam power valves are also 
commonly employed in push-pull circuits. 
The signal voltage is applied through the 
input transformer 7’, to the grids of V, 
and V,. This transformer has a centre- 
tapped secondary winding. The centre 
tap is maintained at a-c ground potential 
by the low internal resistance of the bias 
battery ©. This battery also keeps the 
grids of V; and V2 somewhat negative 
to their cathodes so that the signal 
voltage does not drive the grids positive. 
The anode voltages for the two valves 
are supplied from the positive terminal 
of the H.T. supply through the primary 
winding of the output transformer T'>. 
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Fig.2-49 Push-pull amplifier. 


It should be noted that the two valve 
circuits are exactly similar in every 
respect and that each contains all the 
components of a single-valve a-f power 
amplifier. 

The signal voltage applied to the 
primary winding of 7; causes a voltage 
to be induced in the secondary winding. 
Since the centre tap is maintained at 
a-c ground potential, the a-c voltages 
applied to the grids of V; and V2 are 
180° out of phase with each other. That 
is, as the grid of V; is made less negative, 
the grid of V2 is made more negative, as 
shown on the dynamic e,—7, curves of 
Fig. 2-50. Asa result, the current through 
V, increases while the current through V > 
decreases. This causes an increasing 
electron flow in the direction AO and a 
decreasing electron flow B to O in the 
primary winding of the output trans- 
former. The currents induced in the 
secondary winding of 7'; by these primary 
currents are in phase with each other 
and the resultant current is equal to 
their sum. : 

During the next half cycle of signa 
voltage, the grid of Ve is made less 
negative and the grid of V; is made 
more negative. Hence the electron flow 
through V, and the primary of T. 
increases in the direction BO, while the 
electron flow through V, decreases in the 
direction AO. The secondary currents 
are again in phase with each other and 
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Fie.2-50 Operation of a push-pull amplifier. 


flow in the opposite direction to the 
resultant current during the previous 
half cycie. The waveforms of Fig. 2-50 
show that the sinusoidal input voltage 
is distorted in the output of each valve 
due to operation over the curved portion 
of the characteristic. However, the large 
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positive half cycle of current through V, 
occurs at the same time as the small 
negative half cycle of current through V» 
and vice versa. Therefore the same 
amplitude of current flows in the 
secondary winding of 72 during both 
half cycles and the distortions cancel 
each other. 

The resultant waveform of current 
through the secondary of 7. is slightly 
flattened at the peaks. This type of 
distortion is different from that present 
in a single-valve amplifier in that the 
even harmonics cancel each other. Only 
the odd harmonics such as the third, 
fifth, seventh, etc., are introduced and so 
the amount of distortion is smaller than 
that produced by a single valve or by 
two valves in parallel producing the same 
amount of output power. Alternatively, 
the push-pull circuit may be made to 
deliver up to 50% more power than the 
parallel circuit with no increase in dis- 
tortion. This increase is effected by 
changes in the operating voltages and 
the effective load resistance which are 
permissible in a push-pull circuit. More- 
over, since distortion is reduced by the 
cancellation of the even harmonics, the 
region of operation of the valve may be 
extended farther into the curved portion 
at the lower end of the characteristic 
curve. That is, a greater bias and a 
greater amplitude of voltage may be 
applied to the grids without exceeding 


_ the allowable percentage of distortion. 


In this way, a larger power output is 
obtained and the efficiency of the circuit 
is increased. ° 

Three classes of operation of the valves 
are in common use in a-f push-pull 
amplifiers. They are Class A, Class AB 
and Class B and are described in the 
following paragraphs. 

A Class‘ A amplifier is one in which the 
bias is adjusted so that the operating 
point is approximately midway between 
cathode potential and cut-off potential 
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and in which the grid-signal voltage does 
not go beyond cut-off. Since the grid is 
not driven beyond cut-off, anode current 
flows through the valve during all parts 
of the cycle. However, in some cases of 
Class A operation the grid may be driven 
positive to the cathode and grid current 
may flow. 

A Class AB amplifier is one in which 
the bias is increased so that the operating 
point is well down on the characteristic 
curve. On the negative half cycle the 
peak of the signal drives the grid beyond 
cut-off. Hence anode current flows for 
appreciably more than half but less than 
the entire alternating grid-voltage cycle. 
In the case where the grid signal voltage 
exceeds the bias, grid current flows for 
part of the cycle. 

In a Class B amplifier, the grid bias is 
approximately equal to cut-off so that 
the anode current is almost zero when no 
input voltage is applied. Hence the 
anode current flows for approximately 
one-half of each cycle when an alternating 
grid voltage is applied. 

Class B operation of valves in a push- 
pull circuit is the most efficient type of 
operation possible for a-f power amplifiers. 
The waveforms of Fig. 2-51 indicate the 
operation of the valves when the grid 
signal is applied. During the positive 
half cycle of grid voltage, one valve 
conducts current while the other is cut 
off. During the negative half cycle of 
the input voltage, the operation of the 
two valves is interchanged. The two 
valves supply power to the load 
alternately. The resultant waveform of 
the output voltage is distorted only 
slightly more than in the case of Class 
AB operation described in connection 
with Fig. 2-50. The distortion is 
maintained at a very low value if the 
dynamic e,—% characteristic is almost 
linear over the operating region. This 
type of operation provides a large amount 
of a-c power output with moderate- 
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Fic.2-51 Class B operation of a push-pull 
amplifier. 


sized valves and with a relatively small 
supply of d-c power to the circuit. 

2.13 Radio-frequency voltage 
amplifiers. Radio-frequency amplifiers 
are employed in practically all radio 
receivers and transmitters. They are 
used in receivers to amplify the extremely 
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small voltages induced in the aerial 
circuit by incoming radio waves. In 
transmitters they are used to increase 
the voltage and power level of the r-f 
carrier wave before passing it to the 
aerial circuit for radiation. Amplifica- 
tion at radio frequencies is the same in 
principle as a-f amplification and any 
differences in the valves and circuits 
employed are the result of differences in 
the frequency of the signal. R-f ampli- 
fiers are designed to amplify selectively 
at a single radio frequency or over a 
narrow band of frequencies. In order to 
satisfy this condition, r-f amplifiers com- 
monly make use of resonant circuits 
tuned to the signal frequency in both 
the input and output circuits. 


A. R-f Voltage Amplifier Circuit 


A typical r-f voltage amplifier is 
shown in Fig. 2-52. A pentode valve is 
used as it provides higher gain and more 
stable operation than a triude at radio 
frequencies. The screen grid construc- 
tion of the pentode reduces the amount of 
energy fed back from the output to the 
input circuit. This is required in order 
to prevent self-oscillation in the circuit. 
The tendency to oscillate becomes more 
pronounced as the frequency of the input 
signal is increased. R» is a screen voltage- 
dropping resistor and C3 is the screen 
by-pass capacitor which maintains the 
screen at a-c ground potential. Bias for 
Class A operation of the valve is provided 
by RiC2 in the cathode circuit. 

The signal to be amplified is coupled 
by the r-f transformer 7; to the grid- 
cathode circuit of the valve. The 
secondary winding of this transformer 
and the variable capacitor C,; constitute 
a resonant circuit which is tuned to the 
frequency of the signal. The input 
capacitance of the valve, which is chiefly 
grid-to-cathode capacitance in a pentode 
forms part of the effective tuning 
capacitance. In this way the shunting 
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effect is made to serve a useful purpose 
and a high input impedance is maintained. 
The a-c signal applied to the grid of the 
valve causes the anode current to vary 
at the same frequency. The anode 
current flows through the load circuit 
which is also a resonant circuit tuned to 
the frequency of the signal. The output 
capacitance of the valve is used as part 
of the effective capacitance of this 
circuit. The d-c component of anode 
current flows through the inductor L. 
The d-c resistance of this path is very 
small so that the steady anode voltage is 
almost equal to the supply voltage. The 
a-c component of the anode current sets 
up oscillations in the load circuit at the 
frequency of the signal. The a-c voltage 
developed in the tuned circuit is coupled 
to the following circuit by C; and Ryo. 

In order that the voltage gain at 
resonance be large, the resonant: im- 
pedance of the output circuit LC, must 
be large in comparison with the a-c 
resistance of the valve. One method of 
increasing the impedance at resonance 


' L 
is to increase the C ratio. However, in 


this case the selectivity of the amplifier 
is sacrificed and a compromise must be 
made between the two. A better method 
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of increasing the resonant impedance and 
the voltage gain of the amplifier is to 
reduce the resistance of the resonant 
circuit to a minimum. This also results 
in an increase in selectivity. 

In a tuned-anode amplifier the load 
: : L 
impedance at resonance is equal to CR 
and is resistive. Thus the formula for 
the gain of the amplifier developed in 


section 2.4 becomes 
iB 


wlaig 


B. Equivalent Circuit of R-f Voltage 
Amplifier 


A formula for the gain of an r-f ampli- 
fier (Fig. 2-52) taking into account the 
grid-leak resistance R,. of the following 
stage is developed from the equivalent 
circuit of Fig. 2-53. The pentode valve is 
represented as a source of constant cur- 
rent of value 7 = gmégi since the changes 
in anode voltage have practically no 
effect on the anode current over the 
range of normal operation. The anode 
resistance of the valve r, is in parallel 
with the source of current as explained 
in section 2.9 B. The grid-leak resistance 
R,» and the tuned circuit consisting of 
C, L and R are in parallel with r,. The 
coupling capacitor is not shown in the 
equivalent circuit because its reactance 
is small in comparison with the resis- 
tance of R,».. The interelectrode and stray 
capacitances in the anode circuit form 
part of the effective tuning capacitance 
C. The resistance R is partly the 
resistance accounting for power losses in 
the inductor and capacitor and partly the 
load in which the a-c power of the ampli- 
fier is dissipated. At the resonant fre- 
quency, the impedance of the tuned cir- 

L 
CR: 
The current from the source is, by 


cuit is a resistance, R, = 
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Fiac.2-53 Equivalent circuit of r-f voltage 
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Ohm’s Law, equal to the output voltage 
€,2 divided by the effective resistance of 
Ta, Ry. and FR, in parallel. 


1 1 1 
That ist = ee aunt ay 
a g2 t 


Also, 7 = 9m€,, where gm is the mutual 
transconductance of the valve. 


i 1 1 
Therefore gmég1 = €g2 (= pein) 


Hence the voltage amplification, 


€92 Jm 
US eS 
C91 UN ree 
Ta Rye R, 


Thus the total impedance. which affects 
the voltage gain of the amplifier is the 
parallel combination of r,, Rj. and the 
tuned circuit. If the valve is a pentode 


: ei 
with a high anode resistance the term 78 


negligible and may be omitted from the 
formula. 


C. Single-Tuned Transformer Coupling 

An air-core transformer is often used 
for coupling in an r-f amplifier as shown 
in Fig. 2-54. The H.T. is fed through the 
primary of the transformer which pro- 
vides the load in the anode circuit. The 
varying current through the primary 
winding induces an alternating e.m.f. 
across the secondary which forms part 
of the input circuit to the second valve. 
The transformer usually has a 1:1 turns 
ratio. Since the rotor plates of the 
variable capacitors in both tuned circuits 
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are at ground potential, it is possible to 
combine the two capacitors into a single 
ganged unit. This permits simultaneous 
tuning of both circuits by a single control. 

In order to prevent feedback of energy 
from the anode to grid circuit externally, 
careful layout of the wiring is necessary. 
The anode and grid leads must be kept 
short and separate from each other. The 
coils are usually enclosed in grounded 
shields to prevent radiation. By-pass 
capacitors must not only be of the proper 
type for efficient operation at the fre- 
quencies involved, but must be correctly 
placed with short leads. These precau- 
tions are necessary to guard against 
oscillation and degeneration. 

The equivalent circuit and mathema- 
tical derivation of the gain of a trans- 
former-coupled amplifier is somewhat 
more involved than in the case of the 
tuned-anode capacitance-coupled circuit 
of Fig. 2-52. The overall gain of the 
circuit depends upon the coupling be- 
tween the primary and secondary circuits 
of the transformer. For optimum coup- 
ling 

2rf 
where m= mutual inductance 
f=frequency of the signal voltage 
Tg=a-c anode resistance of the valve 
R.=effective resistance in the second- 
ary circuit of the transformer. 
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Under these conditions, the gain of the 
circuit is given by the formula 


pw Le 
La 
2+/rahs 
j : and 7, = es 
or since w = Ei Nee 
a TAC: Im 
= 1 UG ml 2 
Hits 2 R2C2 


where Le and C2 are the effective induc- 
tance and capacitance of the tuned 
secondary circuit of the transformer. 
However, when a valve with high anode 
resistance, such as a tetrode or pentode, 
is used the transformer coupling is much 
smaller than the optimum value. In 
this case the gain is more closely given as 
oa bw2M Le 
Tales 

where A = stage gain 

uw = valve amplification factor 

M = mutual inductance 

LI, = effective secondary inductance 

R, = anode resistance of valve 

R, = effective secondary resistance. 

Thus, in order that the voltage gain 

be large the parallel tuned impedance 
of the secondary circuit and the quantity 
HGm, Which depends only on the valve, 
must both be large. 


D. Band-pass Coupling 


In some applications where the circuit 
is required to amplify voltages over a 
wide band of frequencies, tuning capaci- 
tors are connected across both the primary 
and secondary windings of the coupling 
transformer. This is referred to as 
double-tuned transformer coupling or band- 
pass coupling, (Fig. 2-55). When the 
proper degree of coupling is employed, 
uniform amplification is provided by the 
circuit over a band of frequencies with 
very little gain outside these limits. This 
is indicated by a frequency response curve 
with steep sides and a flat top (Fig. 2-56). 

Amplifiers of this type are used in the 
intermediate-frequency (i-f) stages of 
superheterodyne receivers. Since the 
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intermediate frequency is fixed, the i-f 
amplifiers are tuned so that this fre- 
quency lies in the centre of the amplifier 
band-pass. The adjustment of the i-f 
transformers to resonate at the fixed i-f 
is part of the process of aligning the 
receiver. 

The i-f transformer unit consists of 
the transformer coils and their tuning 
capacitors mounted in a metal shield. 
The coils generally used are of two types, 
air-core and powdered-iron core and are 
universal-wound. With the air-core 
transformer, the tuning capacitors are 
variable and are of the midget air- 
dielectric type which are more stable in 
capacitance than other types of variable 
capacitors. With iron-core transformers, 
the capacitors may be variable but fre- 
quently these are fixed and the inductance 
of the transformer coils is varied by 
permeability tuning. Consequently, high- 
stability fixed mica capacitors are used 
with this latter type. The stability is 
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Fig.2-56 Frequency response of a band-pass 
coupled amplifier. 


Fig.2-57 Radio-frequency power amplifier. 


important since a circuit with its fre- 
quency changing over a period of time 
has a lower gain because it is not always 
accurately tuned to the fixed inter- 
mediate frequency. 

2.14 Radio-frequency power ampli- 
fiers. Radio-frequency power amplifiers 
find their widest application in trans- 
mitters. Triodes, tetrodes or pentodes 
may be used depending upon the power 
to be developed. Single-ended circuits, 
parallel circuits and push-pull circuits 
may be used as r-f -power amplifiers. 
The circuit diagram of a single-triode 
amplifier (Fig. 2-57) is very similar to 
that of the tuned r-f voltage amplifier. 
The main differences between the two 
types of amplifiers lie in the physical 
sizes of the valves, resistors, inductors 
and capacitors. As the valves operate 
with a large power output, much heat is 
developed. They must therefore be of 
large dimensions and have suitable cool- 
ing arrangements. 

While Class A or Class B operation is 
possible, the anode efficiency is so low 
that this type of operation is ordinarily 
not employed. Instead, Class C opera- 
tion, which is described below, is almost 
universally used in r-f power amplifiers. 
The grid is biased negatively to the 
cathode by an amount equal to about 
twice the cut-off voltage. Fixed bias 
from a separate supply may be used or 
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automatic bias developed in the grid 
circuit. While cathode bias cannot be 
used to bias a valve to cut-off, this type 
is sometimes used in conjunction with 
automatic bias as shown. The cathode 
bias provided by CsR2 serves to limit 
the anode current to a safe value when 
the grid signal is removed and is, there- 
fore, protective bias. Additional bias is 
then provided by C3Ri when the signal 
is applied. The grid circuit LiC1 is 
tuned to resonate at the frequency of the 
r-f signal which is applied between grid 
and cathode of the valve. The signal 
causes the grid potential to vary above 
and below the bias level as indicated on 
the graph of the dynamic mutual charac- 
teristic in Fig. 2-58 (a). Current flows 
through the valve only during that part 
of the cycle when the grid potential is 
above cut-off. The waveform of anode 
current is therefore a series of pulses, 
each of duration less than half of the 
cycle. These pulses of current flow 
through the anode circuit L2C. which is 
tuned to resonate at the signal frequency. 
The anode current pulses set up an 
oscillating current in the tuned anode 
circuit. The waveform of this current 
and hence of the output voltage which 
it develops is almost sinusoidal because 
of the oscillatory effect of Col». This 
circuit must not only have a high Q 
but must present to the valve an im- 
pedance equal to the anode resistance of 
the valve for maximum energy transfer. 

A more complete picture of the opera- 
tion of the class C amplifier is provided 
by the waveforms of Fig. 2-58 (b). As 
previously explained, the anode current 
pulses flow when the signal drives the 
grid potential above cut-off. Grid cur- 
rent flows for a short period at the peak 
of the cycle when the grid is driven 
positive to the cathode. It is this flow 
of grid current each cycle which provides 
the automatic bias. If the grid signal is 
reduced, less grid current flows and so 
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the bias is reduced. In this way the 
amplifier sets its own bias level which is 
proportional to the amplitude of the 
signal. 

The anode voltage is observed to be 
180° out of phase with the grid voltage. 
That is, when the grid becomes most 
positive, the anode current isa maximum. 
Hence the p.d. across the tuned anode 
circuit is a maximum and the anode 
potential is a minimum. The fact that 
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the grid permits current to flow through 
the valve only when the anode potential 
is low makes the anode dissipation rela- 
tively low and the anode efficiency high. 

Since considerable grid current flows 
in a Class C amplifier, a greater amount 
of power must be supplied to the grid 
circuit than in a Class A amplifier. For 
this reason the power amplification of 
the Class C amplifier is relatively low. 
In large transmitters, therefore, several 
driver stages are generally employed be- 
fore the final power amplifier. Each 
driver in the series operates at a higher 
power level than the one which precedes 
it. 

2.15 Direct-coupled and cathode- 
loaded amplifiers. It is noted in sec- 
tion 2.7 that the coupling capacitor in a 
resistance-capacitance coupled amplifier 
limits the low-frequency response of the 
stage. For this reason when d-c voltages 
or low-frequency a-c voltages are to be 
amplified it is-desirable to dispense with 
the capacitor and use direct coupling. 

Since this means that the grid of one 
valve is coupled directly to the anode of 
the preceding one, some readjustment of 
the d-c levels of the stages is necessary. 
One of the methods of accomplishing 
this is to use a battery as coupling be- 
tween the stages as shown in Fig. 2-59. 
A battery EF protects the grid of V2 from 
the d-c component of anode voltage of 
V, and yet allows the grid to follow 
instantly any change in the anode volt- 
age. Since there are no reactive com- 
ponents in the circuit the voltage gain 
is independent of frequency at low fre- 
quencies. This means that d-c voltages, 
that is, voltages of zero frequency, are 
amplified as well as a-c voltages in a 
direct-coupled amplifier. 

Suppose a positive d-c input signal is 
applied. The anode current of V; in- 
creases and the voltage drop across fh; 
also increases. This drops the voltage 
at the grid of V. and hence the anode 
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current of V2. Thus the potential at the 
anode of V2 rises and maintains its new 
value as long as the d-c input voltage 
is applied to V;. The output voltage is 
therefore an amplified copy of the d-c 
input. The disadvantage of this type of 
direct-coupled amplifier is that the bat- 
tery voltage changes with age. This not 
only changes the gain and operating 
point of the amplifier but may change 
the entire characteristics of the circuit. 

A direct-coupled amplifier is often used 
in the measurement of small direct cur- 
rents and in d-c operated control circuits, 
relays and telegraph equipments. The 
direct-coupled amplifier has the following 
three main disadvantages. 

(i) The relatively high-voltage grid- 

bias batteries are expensive. 

(ii) Valve characteristics, battery volt- 
ages, or a-c line voltages are subject 
to changes with time and small 
changes in the first stage are greatly 
amplified in the following stages. 
Interelectrode and stray wiring 
capacitances and the capacitance 
between grid-bias batteries and the 
cathodes greatly affect the speed of 
response to rapid changes of input 
voltage. 

Another type of direct-coupled ampli- 
fier in which the whole d-c level of one 
valve is shifted relative to the other is 
shown in Fig. 2-60. Here the anode 
resistor of V; is tapped into a voltage 
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Frc.2-60 A direct-coupled amplifier. 


divider just above the cathode voltage 
of Ve. The voltage drop across the 
resistor &, makes the anode voltage of 
V, and hence the grid voltage of V2 
lower than the cathode voltage of Ve. 

Suppose a positive voltage is applied 
to the grid of V;. This increases the 
anode current, drops the anode voltage 
of V, and hence also the grid voltage 
of V2. The anode current of V». drops, 
its anode voltage rises and remains high 
as long as the input voltage is applied to 
V,. The voltage rise at the anode of V2 
is the product of the input voltage and 
the gain of the two stages. 

Another type of amplifier which em- 
ploys direct coupling is the cathode- 
loaded amplifier. It is an ordinary ampli- 
fier with the load resistance placed be- 
tween cathode and ground as in Fig. 
2-61. The input voltage is applied be- 
tween grid and cathode and the output is 
taken from the cathode load and is in 
phase with the input. 

The valve is biased so that the grid 
remains negative with respect to the 
cathode and the valve operates on the 
linear portion of the mutual charac- 
teristic. If a signal is applied and the 
grid rises in potential the anode current 
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increases. This increase in turn raises 
the potential of the upper end of Ai. 
Thus the output voltage is in phase with 
the input signal voltage. The gain of a 
cathode-loaded amplifier is the same as 
that of an ordinary anode-loaded 
amplifier. 

2.16 The cathode follower. In the 
cathode follower circuit (Fig. 2-62) the 
load resistor is also placed between the 
cathode and ground. Unlike the cathode- 
loaded amplifier however, the input is 
applied between grid and ground. The 
output voltage is then taken from the 
cathode load R,. 

In the absence of a signal the current 
through FR; produces just the bias volt- 
age necessary to permit anode current to 
flow. If a signal is applied and the grid 
rises in potential then the current through 
the valve increases. This increase in 
turn increases the output voltage across 
R,. However this also increases the 
negative bias. The increase in voltage 
across FR; is never quite as much as the 
increase in grid potential so that the 
amplification is slightly less than one. 

Since the change in output voltage 
tends to counteract the change in input 
voltage the change in potential of the 
grid relative to the cathode is the differ- 
ence between the change in grid voltage 
and the change in voltage across R,. 
This is very much smaller than the change 
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in grid-signal voltage and consequently 
the cathode follower can handle very 
large grid-signal amplitudes without driv- 
ing the grid positive and introducing 
distortion. 

The name cathode follower is derived 
from the fact that the output voltage is 
in phase with the input voltage. The 
cathode follower is an inverse feedback 
amplifier since the output voltage ap- 
pears in the input in opposite phase to 
the grid-signal voltage. 

An expression for the voltage gain of a 
cathode follower in terms of the valve 
and circuit constants is 


=n wR, 
trot R,(u+1) 
cl 
si Bie 

MR, 
This shows that A is always less than 
1 since Tot he is never zero, but A is 

uh; 


always close to 1. 

Even though there is no amplification 
in a cathode follower it has certain charac- 
teristics which make it very useful. 

The input impedance of the cathode 
follower is very large since the grid is 
never driven positive. The effect of 
interelectrode capacitances in the valve 
is also greatly reduced. For a cathode 
follower the input capacitance is 
Cya+Co.(1—A) but in a cathode follower 
A is at most 1, and therefore C,, has 
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hardly any effect. Thus the input 
capacitance is reduced approximately to 
Coa. This very high input impedance is 
useful since it does not load the input 
circuit. 

In an ordinary amplifier the band of 
frequencies passed is determined by the 
input impedance of the amplifier stage. 
Since this is a capacitive impedance it 
decreases greatly as the frequency is in- 
creased. As pointed out above, the input 
impedance of the cathode follower is very 
high, since the input capacitance is very 
low. Thus the signal frequency can be 
very high without the impedance chang- 
ing to any great extent. The cathode 
follower will pass a band of frequencies 
from 10 c/s or lower to 4 Mc/s or higher. 
This makes it very useful in passing on 
without distortion pulse voltages, such 
as square waves, which contain a great 
number of frequencies. 

The output impedance of the cathode 
follower is very small or, in other words, 
the internal resistance of the output 
circuit is very small. The internal 
resistance of any source of power shows 
itself as a drop in the p.d. across the 
output terminals as more current is 
drawn. An increase in load current 
would cause a drop in p.d. across the 
terminals of Ry. However, this lowering 
of voltage across R, permits more cur- 
rent to flow through the valve. This 
increased current causes a rise in p.d. 
across R, to very nearly its original 
value. Thus the internal resistance of 
the cathode follower is small and it can 
therefore feed maximum power to the 
low impedance of a coaxial cable, a 
speaker or any low-impedance load with- 
out any additional matching device. 

The cathode follower has the following 
characteristics: 

(i) an amplification which approaches 
but never reaches 1 

(ii) a very high input impedance over a 
wide frequency band 
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(iii) a very low output impedance over a 
wide frequency band 

(iv) a uniform frequency response and 
low phase shift over a wide fre- 
quency band 

(v) an output which is in phase with 
the input. 

Ordinarily the cathode follower is 
operated without an external source of 
grid bias. When this is true, as the 
signal is increased in amplitude, even- 
tually the negative peaks are clipped 
because the valve is driven to cut-off. 
There is still no danger of this large 
signal amplitude driving the grid posi- 
tive because, as the grid goes more posi- 
tive, more current flows to cause a larger 
voltage drop across R, and thus a larger 
bias. Therefore in order to prevent 
clipping an additional steady positive 
bias may be applied to the stage. This 
allows a larger amplitude signal to be 
handled without distortion. 

2.17 Video-frequency amplifiers. Wide 
band-pass amplifiers which are capable 
of handling complex waveforms without 
distortion are called video amplifiers be- 
cause they are generally used to amplify 
signals from which visual intelligence 
can be derived by means of a cathode- 
ray tube. Video amplifiers find applica- 
tion in oscilloscopes, in ionosphere sound- 
ing, in television, and in various pulse 
circuits. 


A. General Discussion 


A voltage with a complex waveform 
is the sum of a fundamental sine-wave 
voltage of the same period and a large 
number of harmonics. Examples of such 
voltages are the saw-tooth voltage used 
in a linear time base and a square-wave 
voltage which is used in certain pulsing 
circuits. For example, if the fundamental 
or first harmonic (1°) is combined with 
those of the odd harmonies, 3°, 5°, 7°, 
9°, as shown in Fig. 2-63 (a), the resultant 
waveform obtained has a fairly square 
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Fia.2-63 Square waveform (a) Fundamental 
and 5 harmonics (b) Fundamental and many 
harmonics. 


shape. The repetition rate of the resul- 
tant wave is equal to the frequency of 
the fundamental. Further increase in 
the odd harmonic content produces a 
waveform which is more nearly square 
as shown in Fig. 2-63 (b). 

Vig. 2-64 (a) and (b) shows how a 
saw-tooth wave of the type useful for 
linear sweep circuits can be approxi- 
mated by combining eight and ther 
twenty harmonics. The ideal form of 
both the square wave and the saw-tooth 
wave consists of an infinite number of 
harmonics of the fundamental frequency. 

If these waveforms are to be passed by 
an amplifier without distortion, the.am- 
plifier must have an exceptionally wide 
band-pass and an angular phase shift 
proportional to the frequency. The ideal 
frequency-response curve is that shown 
in Fig. 2-65. Phase distortion which can 
be neglected in audio work because the 
ear does not distinguish between moderate 
changes in phase, becomes an important 
consideration in video amplifiers since 
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Fia.2-64 Sawtooth waveform (a) Fundamental 
and 8 harmonics (b) Fundamental and 20 
harmonics. 


the cathode-ray oscilloscope is sensitive 
to minute phase shifts. The ideal phase 
characteristic is shown in Fig. 2-66 where 
the phase shift angle is proportional to 
the frequency. 

In practice, small changes in wave 
shape brought about by failure to pass 
harmonics of extremely high order do not 
seriously affect the qualitv of the output. 
In fact from the standpoint of signal-to- 
noise ratio there is some advantage in 
restricting the bandwidth. Optimum 
signal-to-noise ratio is obtained when the 
band-pass is twice the frequency whose 
period is equal to the pulse width. Thus 
for one-microsecond pulses a two-mega- 
cycle bandwidth gives optimum signal- 
to-noise ratio. However, if the pulse 
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Fia.2-65 Frequency response of an ideal video 
amplifier. 


2:47 


repetition rate is 500 c/s all harmonics 
above the 2000th are suppressed with this 
bandwidth. This means that optimum 
signal-to-noise ratio is achieved at the 
expense of high-frequency response. It 
should be noted that the higher the order 
of harmonics passed the more perpendic- 
ular are the edges of the output wave 
for a square-wave input. The deviation 
from the perpendicular permitted by a 
certain application sets the upper limit 
of frequency which must be passed. The 
repetition rate sets the low-frequency 
limit. 

The three principal requirements of a 
video amplifier which distinguish it from 
an audio amplifier are: 

(i) a constant frequency response over 
a band several Mc/s wide 

(11) a constant time delay or phase shift 
proportional to frequency over the 
usable range 

(i11) a satisfactory signal-to-noise ratio 
while attaining the first two require- 
ments. 

Because of the very wide frequency 
response requirements of the video am- 
plifier, only resistance-capacitance coup- 
ling and cathode coupling are suitable. 
If high gain is to be achieved cathode- 
follower stages can not be used because 
their stage gain is always less than 
unity. The cathode follower does have 
its place in video amplifiers, however, 
as a high-impedance input stage, as a 
buffer between high-gain stages and as 
a matching device when a video ampli- 
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T'ia.2-66 Phase shift of an ideal video amplifier. 
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Fi1c.2-67 Video amplifier circuit. 


fier is coupled to a low-impedance load 
such as a transmission line. 

A video amplifier using a resistance- 
capacitance coupled circuit differs from 
an audio amplifier only in the values of 
the circuit components. Several difficul- 
ties are encountered when the amplifier 
shown in Fig. 2-67 is used as a video 
amplifier. The high-frequency response 
is limited by the reduction of the load 
impedance caused by the shunting effect 
of the output capacitance C,, distributed 
capacitance Cz, and input capacitance 
C,; of the following stage. The low- 
frequency response is limited by the 
time constant R,C, which must be long 
compared with the period of the lowest- 
frequency voltage to be amplified. Valves 
with very low interelectrode capacitance 
must be used in video amplifiers. The 
circuit must be carefully wired with short, 
properly spaced leads to reduce dis- 
tributed capacitance in the wiring. 

The term video amplifier is sometimes 
applied to high-gain tuned amplifiers 
with a band-pass as narrow as 80 Ke/s. 
The application of the term is justified 
when an amplifier is used to amplify a 
signal which is rendered intelligent by ap- 
plication to the deflection plates of ac.r.t. 
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F1c.2-68 High-frequency compensation, shunt 
type. 


B. High-Frequency and Low-Frequency 
Compensation 

It is possible to compensate for the 
shunting effect of the interelectrode and 
distributed capacitances and to raise the 
upper frequency limit of the amplifier 
by connecting a small inductance L, in 
series with the load resistor Rz, (Fig. 
2-68). This shunt-compensation coil in- 
creases the high-frequency gain by 
resonating with the shunt capacitances 
at a frequency above the normal upper 
frequency limit. That is, the load im- 
pedance is made to increase by the 
resonating effect to counteract the shunt- 
ing effect of the capacitances which in- 
creases at high frequencies. Thus, the 
flat part of the response curve is extended 
up to the resonant frequency of L; and 
the shunt capacitances, without decreas- 
ing the mid-frequency gain, as shown in 
Fig. 2-71. This shunt compensation 
method is effective when the upper fre- 
quency limit is not too high and there 
are only a few stages of amplification. 

Another method of high-frequency 
compensation is series compensation. Fig. 
2-69 shows a small compensating induc- 
tance L» connected in series with the 
coupling capacitor. This series compensa- 
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Fia.2-69 High-frequency compensation, series 
type. 
tion coil increases the high-frequency 
gain by resonating with C; and hence 
producing an increased voltage across it. 

These two methods can be combined 
in a shunt-series compensation circuit 
(Fig. 2-70) which has the high-frequency 
peaking effect of the first method as well 
as the increased gain of the second. 

Sometimes the upper frequency limit 
is increased merely by reducing the size 
of R,. This has the disadvantage of 
reducing the gain but at the same 
time the effective input capacitance, 
Cor. +Coa(1+ A) is decreased. The reac- 
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Fiag.2-70 High-frequency compensation, series- 
shunt type. 
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tances of the shunt capacitances are then 
larger relative to the load resistance and 
the shunting effect across R, is reduced. 

At low frequencies the gain of a video 
amplifier is reduced by the coupling 
capacitor. This reduction in gain is due 
to the increasing reactance of the capaci- 
tor at frequencies below about 200 c/s. 
The value of C, is chosen large enough 
for the reactance at the middle and high 
frequencies to be negligible and the full 
output voltage appears across R,. As 
the frequency decreases the reactance of 
C.. increases and less of the output volt- 
age appears across R,. This results in 
less of the output of one stage appearing 
at the input of the following stage. This 
effect is satisfactorily reduced in some 
applications by the choice of a large 
coupling capacitor and a large grid leak 
in the following stage so that most of 
the output voltage, even at low fre- 
quencies, appears across the grid resistor. 
The extent to which the value of the 
coupling capacitor can be increased is 
limited since an increase in the physical 
size of the capacitor results in an in- 
crease in the stray capacitance which 
affects the high-frequency response. For 
this reason the most effective additional 
means of compensation is necessary. 

In cases where the low-frequency gain 
is not sufficient, a low-frequency compen- 
sation filter, consisting of a resistor R,and 
a capacitor C; in parallel, is connected 
in series with the load resistor (Fig. 2-72). 
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Fia.2-71 Effect of high-frequency compensa- 
tion on response curve. 
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Fiq.2-72 Low-frequency compensation. 


This filter introduces a phase lag to offset 
the phase lead introduced by the coup- 
ling capacitor. It also effectively in- 
creases the anode load impedance at low 
frequencies which maintains the gain 
and extends the low frequency limit. 
This effective increase of load impedance 
is accomplished by an increase in the 
reactance of C; at low frequencies. An 
alternative method of extending the low- 
frequency response down to zero fre- 
quency or d-c is to use direct-coupled 
amplifiers. 


C. Valves Suctable for Video Amplifiers 


The degree to which the high-frequency 
response of a video amplifier is extended 
is dependent to a large extent on the 
characteristics of the valves used. The 
most important factors in the choice of 
valves are the transconductance and the 
interelectrode capacitances, taainly Cyq. An 
approximate figure of merit for a valve is 
obtained by dividing the transconduc- 
tance by the value of C,, and comparisons 
of valves are made on the basis of this 
ratio. This comparison is of value pro- 
vided no variations of total capacitance 
are introduced by stray wiring capaci- 
tance when the valves are used in prac- 
tical circuits. 

For a triode the total input capaci- 
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tance is given by 
C; a Cor +Cya(1+A) 

If the gain of the stage is high, the input 
capacitance is large owing to the factor 
AXC,q. For this reason triodes are not 
used in video amplifiers except in the 
input stage where they are useful be- 
cause of their low inherent noise level. 
A typical value of the figure of merit for 
a triode is 50. 

On account of its lower interelectrode 
capacitances a pentode is a more satis- 
factory valve in spite of the fact that it 
may have a lower value of gm. For 
example, a typical value of the figure of 
merit for a pentode is 100. 

Special television pentodes have been 
developed for video amplifiers. These 
have a very high value of g,, which is 
attained by using a very small spacing 
between the control grid and cathode 
and a very fine winding pitch on the 
spirals of the grid. Unfortunately, in- 
creasing gm by this method results in an 
increase in the interelectrode capacitance 
of the valve. However, the increase in 
Ym 18 several times the increase in inter- 
electrode capacitance and the figure of 
merit of a television pentode is increased 
to between 350 and 550. 

D: Video Power Amplifiers 

When a video amplifier must supply a 
high voltage output to a circuit with a 
low input impedance, considerable power 
is drawn. Ordinary voltage amplifier 
pentodes are not capable of supplying 
sufficient power output without excessive 
harmonic distortion. Power pentodes or 
beam power valves are used instead... An 
example of a video power stage is the 
modulator stage of a transmitter where 
the modulation is a video signal. 

When the load on a video amplifier is 
a low impedance such as a coaxial cable 
it is important that the output imped- 
ance of the final amplifier stage be 
matched to the load. Matching is ac- 
complished for loads of 500-2000 ohms 
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Fia.2-73 Phase-splitting circuit. 


by using a low value of anode load 
resistor approximately equal to the im- 
pedance to be matched. Although the 
stage gain is lowered the frequency 
response is not changed. 

A more suitable circuit for an output 
stage in which low impedance is re- 
quired is the cathode follower. In addi- 
tion to low output impedance it features 
good stability and freedom from distor- 
tion. The cathode follower stage is 
especially useful for coupling grounded- 
sheath coaxial cable circuits because one 
end of the output impedance is at earth 
potential and no blocking capacitor is 
required at the other end. The high in- 
put impedance of the cathode follower 
stage makes possible the use of a large 
coupling capacitor and a small value of 
grid resistor which improves the low- 
frequency response without affecting the 
high-frequency response. Furthermore, 
since the cathode follower is an inverse 
feedback circuit, non-linear distortion 
is reduced and much of the instability 
due to fluctuations in the line voltage 
and changes in valve constants is 
eliminated. 

2.18 Phase-splitting circuits and para- 
phase amplifiers. The advantages of 
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operating an amplifier stage push-pull 
rather than single-sided are discussed 
in section 2.12. In order to couple the 
a-c output voltage of a single valve to a 
push-pull circuit there must be developed 
in the coupling circuit two voltages equal 
in magnitude and 180° out of phase. A 
circuit which provides this push-pull 
output from a single input waveform is 
called a phase splitter. 

One of the most common phase- 
splitting circuits consists of a transformer 
with a centre-tapped secondary. Fig. 
2-73 shows a single-sided amplifier coupled 
to a push-pull amplifier by means of the 
transformer 7;. With the centre tap 
grounded the point B goes positive at 
the same instant that the point A goes 
negative with respect to ground and the 
voltage on the grid of V2 is of opposite 
polarity to the voltage on the grid of 
V3. If the grounded tap is exactly in 
the centre of the secondary winding, the 
amplitudes of the respective grid voltages 
are equal. 

Sometimes it is difficult to balance the 
secondary exactly. In this case the 
alternate arrangement of Fig. 2-74 may 
be used. Since the voltage across the 
resistors R; and R,» is equal to the voltage 
across the secondary of the transformer, 
grounding the junction of the resistors 
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Fic.2-74 Balanced phase-splitting circuit. 


2:52 


FUNDAMENTALS OF RADIO 


Output 


Fic.2-75 Paraphase amplifier. 


effectively grounds the mid-point of the 
transformer winding if the resistors are 
equal in size. The effect of this circuit 
is the same as that of a transformer with 
a centre-tapped secondary winding. In 
this case, however, some care is required 
in the choice of resistance for R; and Re, 
since these two resistors form part of 
the load impedance on the valve Vi. 
The reflected load resistance in the anode 
circuit of V, due to the resistors R; and 
R, is given by 
RitR, 


NG 
N, 


where ure transformer turns ratio. 
p 

Thus, if 7; is a step-up transformer 
the reflected load resistance is much 
smaller than the actual series resistance 
of R, and FR» determined by the permis- 
sible grid resistance for V2. and V3. 
Since the grid circuits of this push-pull 
amplifier contain more resistance than 
those using a centre-tapped transformer, 
this type of amplifier gives more distor- 
tion if the grids are driven positive. 

Transformer coupling is expensive, 
attenuates low frequencies and gives high- 


frequency distortion due to the variation 
in transformer ratio with frequency. In 
addition the losses of the transformer 
vary with frequency. 

These undesirable features are avoided 
if the transformer coupling is replaced 
by resistance-capacitance coupling. The 
input voltage is applied to an amplifier 
to obtain the desired amplitude of volt- 
age input for one of the push-pull valves. 
Some of the output of the amplifier is 
then applied to a second amplifier to 
provide a voltage of the same amplitude 
but of opposite polarity to the output 
of the first amplifier circuit. The output 
of this second amplifier is used as an 
input for the other push-pull valve. The 
second amplifier is called a phase inverter. 
This combination of amplifier and phase 
inverter used to provide a push-pull out- 
put from a single input voltage is called 
a paraphase amplvfier, or simply a phase 
inverter. 

A two-valve paraphase amplifier con- 
sisting of amplifier and phase inverter 
is shown in Fig. 2-75. To obtain the 
desired amplitude of output, Vi is con- 
nected as a conventional amplifier. The 
output voltage of V, appears across the 
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Fia.2-76 Floating paraphase amplifier. 


voltage divider R; and Re, and is fed 
directly to the grid of V3. The portion 
of the output of V; appearing across Re 
is amplified by the phase inverter V2 
to the same amplitude as that of the out- 
put of V, and fed to the grid of V4. 
When an increased signal swing in the 
positive direction causes increased cur- 
rent through V, the voltage drop across 
the anode load resistor R3 increases and 
the anode potential drops. This drop in 
potential is coupled through C3 to the 
grid of V3; across the voltage divider 
R;, Re. Thus the grid of V3 is made 
more negative. At the same time the 
portion of voltage drop across Rg is 
applied to the grid of V2 where it causes 
a decrease in anode current and the 
anode of V2 therefore goes more positive. 
This increase in potential is coupled 
via C,to the grid of Vs. Thus the grid 
of V4 swings in the positive direction at 
the same time as the grid of V3 swings in 
the negative direction and, in the middle 
range frequencies, the desired 180° phase 
difference for the push-pull grids is 
achieved. At frequencies above and 
below this range where the capacitive 
reactances have an appreciable effect the 


two output voltages are not exactly 180° 
out of phase. 

The circuit is adjusted so that equal 
voltages are applied to each grid of the 
push-pull stage. In the case where identi- 
cal valves or a twin valve are used for 
V,; and V2, R3 should equal R, and R; 
should equal the sum of R; and Rg. 
The size of Rg should be the same frac- 
tion of the sum of R; and Re as the input 
voltage to V, is of the output voltage 
of Vie 


That is, Re = Hos Bes 
A 
where A = the stage gain of V,. 


Thus the voltage input to V2 is reduced 
to that value, which after amplification 
by Ve gives a voltage equal to the out- 
put of Vi. 

A self-balancing type of paraphase am- 
plifier known as the floating paraphase 
amplifier employs the differential voltage 
between the outputs of the two valves 
as the input signal to the phase-inverter 
section (Fig. 2-76). The circuit of Fig. 
2-75 may be modified to produce this 
type of paraphase amplifier by connect- 
ing between the point A and ground a 
resistor R, which has the same value as 
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each of R; and Ry. The valve V; is an 
amplifier used to obtain the required 
amplitude of input voltage to the grids 
of the push-pull circuit. The output 
voltage of Vi is applied across the re- 
sistors Ry and R». The output voltage 
of V2 is applied across R; and Ros. 
Therefore half the output of both V, 
and V> is applied across Ry. Since these 
two output voltages are always of op- 
posite polarity, the resultant voltage 
across F, is half the difference between 
the outputs of V; and V2. This is the 
voltage which is applied to the grid of 
V.. In order to obtain the proper phase 
relations between the output voltages of 
this paraphase amplifier, the output volt- 
age of V; must be slightly larger than 
that of Ve. This is because the voltage 
at the grid of V2, which is half the differ- 
ence between the outputs of the two 
valves, must be in phase with the output 
of V;. Since this difference should be 
kept as small as possible, pentodes are 
usually used on account of their large 
amplification factor. In this type of 
phase-inverter feed, the voltage gain for 
valves V; and V2 may vary considerably 
without introducing much unbalance be- 
tween the grid voltages fed to the push- 
pull stage. This reduces the effect of 
differences between valves V; and V>, 
that may arise as the valves age through 
use. 

Although the input voltage to V3; is 
always slightly greater than the input 
voltage to V, this difference is not suffi- 
cient to interfere with the proper opera- 
tion of the push-pull amplifier. Any 
greater difference is counteracted as fol- 
lows. The increased difference voltage 
across fy is amplified by V» to provide a 
greater input voltage to V4. This reduces 
the difference between the voltages ap- 
plied to the grids of V3 and V4. 

2.19 Inverse-feedback amplifiers. If 
some of the energy from the anode cir- 
cuit of an amplifier is coupled back into 
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the grid circuit, the amplifier has feed- 
back. If the voltage fed back from the 
anode circuit is such that it aids the 
applied signal, the feedback is poszteve or 
regenerative. That is, a positive feed- 
back voltage has a component which is 
in phase with the applied signal. If the 
voltage fed back is such that it opposes 
the applied signal, the feedback is nega- 
tive, inverse or degenerative. That is, a 
negative feedback voltage has a com- 
ponent which is 180° out of phase with 
the applied signal. 

If positive feedback or regeneration 
exists in a circuit, the total amplification 
is increased. This is because the ampli- 
tude of the signal at the grid has been 
increased by the feedback and this larger 
signal is amplified in the same ratio, 
giving a greater output voltage than if 
the signal voltage alone were applied to 
the grid. Unfortunately, increasing the 
gain of the amplifier amplifies and exag- 
gerates any undesirable distortion or 
noise which may be introduced by the 
valve itself. Furthermore, a circuit with 
positive feedback tends to amplify selec- 
tively at one frequency, since the feed- 
back voltage tends to become a maximum 
at the frequency at which the original 
amplification is greatest. It therefore 
increases the selectivity of the amplifier, 
and hence is used chiefly where high gain 
and sharpness of resonance both are 
wanted. Sometimes the regeneration be- 
comes so large that sufficient energy is 
fed back to maintain the operation of the 
circuit without the usual input voltage 
and the amplifier becomes an oscillator. 
This case is discussed in Chapter V on 
oscillators. 

In a negative-feedback or degenerative 
circuit the amplification is decreased, 
since the grid-signal voltage is reduced 
and hence the amplified output voltage 
is smaller than if the signal voltage alone 
were applied to the grid. The effect of 
negative feedback is to make the fre- 
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F1a.2-77 Negative feedback from anode to 
grid circuit. 


quency response more uniform by reduc- 
ing the gain more in the middle-frequency 
range than in the upper or lower fre- 
quency range where the gain is lower to 
begin with. Negative feedback also im- 
proves the waveform at the output of an 
amplifier by reducing the harmonic dis- 
tortion which arises within the amplifier. 
The signal which is applied to the grid is 
amplified by a factor A in the output, 
but the harmonic distortion caused by 
the non-linear characteristic of the ampli- 
fier is generated within the valve and is 
therefore not amplified in the output. 
Consequently when a fraction of the 
output is fed back out of phase with the 
input, the distortion component of the 
feedback voltage is amplified by the 
same factor as the input signal. As a 
result, the net output may contain a 
minimum of distortion, but the ampli- 
tude of the desired signal is considerably 
reduced. However, negative feedback 
has no effect on the harmonic distortion 
caused by the flow of grid current in the 
input stage of an amplifier since this 
occurs at the grid, and the distortion is 
therefore amplified in the same ratio as 
the desired signal. 

In the same manner, negative feed- 
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back reduces noise arising within the 
amplifier. However, if the noise is 
present in the signal it will be amplified 
as well as the signal itself. Both positive 
and negative feedback may be applied 
over several stages of an amplifier, rather 
than from the anode circuit to the grid 
circuit of a single stage. 

Negative feedback may be obtained in 
an amplifier in several ways. One method 
is to couple a portion of the output volt- 
age into the grid circuit by means of a 
voltage divider (Fig. 2-77). When the 
grid potential is made less negative, the 
anode current increases and the lower 
end of the primary of the output trans- 
former drops in potential. This drop in 
potential is transferred through the 
capacitor C; to the voltage divider R; 
and R». and appears at the upper end 
of Re, thus adding an increasing negative 
feedback voltage to the increasing posi- 
tive grid-signal voltage through the 
secondary of the input transformer. 

Another method of providing negative 
feedback is to use a cathode resistor 
which is not by-passed (Fig. 2-78). In 
this case the flow of anode current 
through the cathode resistor R, develops 
a feedback voltage across it. This volt- 
age appears in series with the grid-signal 
voltage on the grid of the valve since the 
cathode resistor is placed between the 


O 
HT’. 


Input 


Fia.2-78 Negative feedback in the cathode 
circuit. 
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cathode and ground. When the grid 
potential is made less negative the result- 
ing increase in anode current causes a 
rise in potential at the upper end of Ry, 
which is cunnected to the cathode. This 
is equivalent to a drop in the potential of 
the grid relative to the cathode, oppos- 
ing the grid-signal voltage. This is called 
current feedback as contrasted with volt- 
age feedback shown in Fig. 2-77. The 
cathode follower circuit and some types 
of phase inverters employ this type of 
inverse feedback. 

Inverse voltage feedback is the type 
in which the feedback voltage is pro- 
portional to the output voltage appearing 
across the load. Voltage feedback re- 
duces the effective internal resistance of 
the amplifier since the feedback voltage 
is usually obtained from a voltage divider 
in parallel with the anode load. There- 
fore this type of feedback is useful when 
a large amount of power must be sup- 
plied to the load. 

Negative feedback may be applied over 
more than one stage if the proper phase 
relations are developed. Fig. 2-79 shows 
a two-stage amplifier with inverse feed- 
back. The feedback voltage is developed 
across the resistor R»: which, in series 
with R,, forms a voltage divider for feed- 
ing back the desired fraction of output 
voltage of the second stage to the grid 
of the first stage. If the grid of the first 
valve goes more negative the grid of the 
second goes less negative. The resulting 
increase in anode current causes the 
potential at the anode of V, to drop. 
This drop in voltage is transmitted 
through FR; and C, to the upper end of 
Re, causing a drop in potential at this 
point. Thus, the potential of the cathode 
of V; is made less positive with respect 
to ground, thus making the grid of V, 
less negative to the cathode. Hence the 
feedback voltage decreases the amplitude 
of the negative signal voltage. 

The gain A’ of an amplifier with feed- 


| 
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Fic.2-79 Negative feedback in a two-stage 
amplifier. 
back may be found in terms of the gain 
A without feedback and the feedback 
factor 8, where 6 is the fraction of the 
output voltage which is fed back to the 
input. Positive feedback is indicated by 
giving 6 a positive sign and negative 
feedback by a negative sign. 

If the a-c output voltage is e,, a por- 
tion Be, of this output is fed back out of 
phase with the input signal voltage e,. 
Therefore the total input voltage 
€; = €&;—Beg. The gain of the amplifier 
without feedback is given by 


Lhe (iy 


Y pene 
4 

The gain of the amplifier with feedback 

is given by 


€a 
TS 
Ci 
En Vint Pea 
€, — Bea 
But from (1) eg = Ae, 
Therefore A’ = aes 
e,;—BAe, 
Al = 
or rere 
where A’ = gain with feedback 


A = gain without feedback 
6B = feedback factor. 
If 8 is positive the quantity (1—8A) 
is less than 1 and the gain of the ampli- 
fier is increased by positive feedback. If 
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the quantity BA is made equal to 1 the 
denominator of the expression is zero and 
the positive feedback is large enough to 
maintain the operation of the system un- 
aided by a signal input. This is the 
principle of the oscillator circuit. 

If B is negative the quantity (1—6A) 
is greater than 1 and the gain of the 
amplifier is reduced. If 8A is made much 
greater than 1 the quantity (1—8A) is 
very nearly equal to —8A. Therefore 
the gain of the amplifier with negative 
feedback is Z in value since # has nega- 


B 
tive sign. If the feedback is obtained 
through a resistive network, the feed- 
back factor 6 is independent of frequency 
and the gain is uniform over a wide range 
of frequencies. If a different frequency- 
response curve is desired the feedback 
circuit must be designed with the proper 
components so that the factor 6 depends 
on frequency. 

If the load impedance of an inverse- 
feedback amplifier is decreased the out- 
put voltage decreases. If the load is 
separate from the feedback path, the 
feedback voltage also decreases, causing 
the effective gain to increase. This in- 
creased gain restores the output voltage 
nearly to its former value. On the other 
hand, if the load is increased the result- 
ing rise in output voltage is offset by the 
increased feedback and the gain remains 
substantially the same. Thus, if the load 
impedance does not form part of the 
feedback path, the gain of the amplifier 
does not change with changing load im- 
pedance. It is shown above that the gain 
of an inverse feedback amplifier is equal 


in value to ; Thus the gain is not 


affected by variations in supply voltages 
or by ageing of the valves. Hence the 
gain is more stable in an inverse-feedback 
amplifier if the feedback is large. 

2.20 Impedance matching. The 
amount of power consumed by a load 


Deets i 


circuit depends upon the voltage applied 
to the load, the current which flows in 
the circuit and the phase relationship 
between the current and the voltage. In 
order to cause a specified amount of 
power to be consumed by the load cir- 
cuit, the impedance of the load must be 
adjusted to a suitable value. 

If, in a particular application, the 
amount of distortion which the circuit 
introduces is of no importance, maximum 
transfer of energy from the source to the 
load occurs when the impedance of the 
load is made equal to the internal im- 
pedance of the source. The process of 
adjusting the impedance of the load to 
the internal impedance of the source is 
called zmpedance matching. 

If the distortion which the circuit in- 
troduces must be kept from exceeding a 
given amount, the impedance of the load 
circuit may have to be adjusted to a value 
somewhat different from the internal im- 
pedance of the source. In this case, maxi- 
mum transfer of energy is no longer 
obtained. The process of adjusting the 
impedance of the load to effect maximum 
transfer of energy within. the limits of 
permissible distortion, is called optimum 
matching. 

A. Impedance Matching for Maximum 
Power Output 

The significance of impedance match- 
ing for maximum power transfer from 
the source to the load is readily under- 
stood by considering the operation of 
the circuit shown in Fig. 2-80. A source 
of e.m.f. of 100 volts having an internal 
resistance of 10,000 ohms is used to 


Internal 


Source of e.mf. 


E = 100V resistance 


10,000 Q 


Fiag.2-80 Circuit to show effect of load impe- 
dance on power output. 
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Power (watts) 
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F1q.2-81 Graph of impedance matching. 


supply power to the load circuit Ry. 
Such a circuit may represent a battery 
supplying power to a resistor, a valve 
connected to a loudspeaker, a transmitter 
feeding an aerial or any similar applica- 
tion. Various values of load impedance 
are used in the circuit and the power 
consumed by the load is calculated in 
each case. The power consumed in the 
load circuit is equal to the product of 
the current through the load and the 
voltage across it. The current that flows 
in the circuit is determined from Ohm’s 
Law as the e.m.f. of the source divided 
by the total resistance of the source and 
the load. The voltage across the load is 
also determined from Ohm’s Law as the 
product of the current flowing in the 
circuit and the resistance of the load. 
The values of current, voltage and power 
in the load circuit are given in the follow- 
ing table. 


ToTAL 
RESISTANCE 


Loap 
RESISTANCE 


CURRENT 
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The variation in power consumed by 
the load with various values of load 
resistance is further illustrated by the 
graph of Fig. 2-81. It should be noted 
from the table and from the graph that 
the power consumed in the load is a 
maximum when the resistance of the 
load equals the internal resistance of the 
source which is 10,000 ohms in this 
example. If the resistance of the load is 
made less than the resistance of the 
source, the current that flows in the 
circuit is increased but the voltage is 
decreased. That is, the load exerts a 
short-circuiting effect on the source and 
the reduced voltage results in the load 
power being less than the maximum. 
On the other hand if the load resistance 
is large in comparison with the internal 
resistance, the voltage applied to the load 
is large but the current flowing in the 
circuit is small. This also results in the 
external power being less than the maxi- 
mum power. Maximum power transfer 
from the source to the load occurs when 
the internal and external resistances are 
matched. This principle is true for im- 
pedance loads as well as resistance loads. 

If the load impedance and the internal 
impedance are not equal, the circuit is 
said to be mis-matched. It is evident 
from Fig. 2-81 that the power output 
of the source falls off very steeply if the 
load impedance is less than the internal 
impedance. The reduction in output 
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POWER | 


Loap 
VOLTAGE 


100 


1000 ohms 11,000 ohms 


11,000 
= 9.09mA 
6.67 
5.00 
4.00 
Bias 
2.50 
2.00 


5000 
10,000 
15,000 
20,000 
30,000 
40,000 


15,000 
20,000 
25,000 
30,000 
40,000 
50,000 


100 
11,000 * 1000 
= 9.09 volts 
EO 
50.0 
* 60.0 
66.7 
75.0 
80.0 


9.09 X 9.09 


= .083 watts 
222 
.250 
.240 
6222 
eiheys 
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Fic.2-82 Triode amplifier with load equal to 
anode resistance. 


power is less marked when the load 
impedance is greater than the internal 
impedance. If a mis-match is unavoid- 
able therefore, the load impedance should 
be made larger than the internal imped- 
ance to maintain a large output. 


B. Impedance Matching for Optimum 
Power Output 


A graphical analysis of the operation 
of an amplifier (Fig. 2-82) shows how the 
power output and distortion vary with 
different values of load impedance. The 
valve is a low-mu triode connected in a 


R, = 10,0002 


Dynamic mutual 
Cc-ly Curve 
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1 
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resistance-capacitance coupled voltage 
amplifier. The effect of connecting a 
load resistor equal to the anode resist- 
ance of the valve (10,000Q) is shown in 
Fig. 2-83. The dynamic e,—7, curve and 
the load line (e,—7 curve) are drawn 
for the amplifier circuit. The grid bias 
of —8 volts is marked off and the 
operating point P identified. A sinu- 
soidal signal of 6 volts amplitude is 
superimposed upon the steady grid bias 
on the e,—72, characteristic. The anode 
current is observed to vary from a mini- 
mum of 2mA to a maximum of 13mA. 
These values of anode current are carried 
over to the load line and the correspond- 
ing values of anode voltage are noted as 
280 volts and 170 volts respectively. 
Thus a total grid voltage swing of 12 
volts produces a corresponding anode 
current swing of llmA and an anode 
voltage swing of 110 volts. . 

The peak value of a-c component of 
anode current, 


Ta maz = 5.5mMA 


.. the effective value of the a-c com- 
ponent of anode current,, 


1y(mA ) 


Output 


Fic.2-83 Operation of triode amplifier with load equal to anode resistance. 
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The peak value of the a-c component of 
anode voltage, 
oe SO ORV oles 
-. the effective value of the a-c com- 
ponent of anode voltage, 


E= S volts 
Hence the a-c power delivered by the 
valve is 
Bee 55h 76 al eee 
PN 2.x One 1000 
= .154 watts. 


The percentage of second harmonic 
distortion may be determined from the 
graph in the following manner. If the 
amplifier were distortionless the dynamic 
€:.—t% curve would be linear over the 
limits of operation shown in Fig. 2-83. 
The operating point on this line corres- 
ponding to a grid bias of —8 volts is at 
the point O. The corresponding value of 
anode current is 7.5mA. Then the per- 
centage second harmonic distortion 

current at O—current at P 

SH. eee ee LU 


total current swing 


7.5—-6.3 
= — 1 
il 100 


= 11%. 
This value of distortion is considerably 


Dynamic mutual 
€crly Curve 


—20 
€- ( volts) 
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above the value of 5% which is usually 
taken as the maximum allowable dis- 
tortion. 

The power output and distortion pro- 
duced by a load of twice the anode 
resistance of the valve are now deter- 
mined from the graphs of Fig. 2-84. 
The larger value of load resistance gives 
rise to a dynamic e,—72 curve which is 
less steep than that of Fig. 2-83. The 
anode current corresponding to the same 
grid signal as before, is now found to 
range from a minimum 1.3mA to a 
maximum of 8.3mA. The corresponding 
values of anode voltage are 270 volts and 
130 volts respectively. 

Las Os Oe 
= pala 


V2 


1D ae eS TD WOES 
E = 


lee tU 1 


=) 117-5) Wiehe 


That is, the power output is reduced 
from .154 watts with a load of 10,0000 
to .123 watts with a load of 20,000Q. 


Fic.2-84 Operation of triode amplifier with load equal to twice anode resistance. 
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The percentage second harmonic dis- 
tortion 
_ current at O—current at P 


: x 100 
total current swing 


a woe 100 


= 43% 

By- increasing the load from 10,0000 
to 20,0009, the distortion is reduced from 
11% to 4.3%. 


C. Matching a Loudspeaker to a 
Power Amplifier 

Of particular importance in audio-fre- 
quency applications is the question of 
matching the impedance of a loudspeaker 
or group of loudspeakers to the imped- 
ance of the power amplifier. Loud- 
speakers operate at low voltage and high 
current. Since the impedance equals the 
effective voltage divided by the effective 
current, they are low-impedance devices. 
Similarly, valves are high-voltage, low- 
current, or high-impedance devices. To 
match a low-impedance loudspeaker to a 
high-impedance power amplifier stage for 
either maximum or optimum power out- 
put a matching transformer is used. The 
matching transformer takes power from 
the anode circuit at high voltage and low 
current and delivers it to the load at low 
voltage and high current. 

The following example illustrates im- 
pedance matching for amplifiers. 

A single-triode-valve power amplifier 
operating Class A, has an anode resis- 
tance r, = 8002. This amplifier is to be 
transformer coupled to a loudspeaker 
with a voice coil whose impedance 
Z, = 8Q. The turns ratio of the trans- 
former for an impedance match is given 
by the following expression. 

Ue 


Turns ratio = 


= 10 
Therefore, the required turns ratio is 10. 
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For an optimum match, that is, to 
obtain maximum undistorted power out- 
put in the above example the turns ratio 
is given by the following expression. 


P 2r 
Turns ratio = ase 


= 14 
Therefore the required turns ratio is 14. 

The optimum anode load, which is 
16000 in the above example, is usually 
specified by the manufacturer for a given 
valve. For a push-pull amplifier the 
manufacturer specifies the optimum 
anode-to-anode load resistor. 

The following example illustrates how 
the proper turns ratio is calculated for 
an optimum match in such a case. 

A Class A push-pull amplifier using 
beam power valves is to be coupled to a 
speaker with a voice coil with imped- 
ance Z = 8Q. The optimum anode-to- 
anode load resistance Raq = 40002 as 
stated by the manufacturer. 

The turns ratio of the transformer for 
an impedance match is 


. Raa 
t t1On— 
urns ratio Z 
thus, the turns ratio = ~ 
= 22. 


Therefore, the turns ratio of the primary 
to the entire secondary winding is 22. 
Sufficient information is available for 
selecting a suitable transformer if the 
primary and secondary impedances and 
the maximum power to be handled are 
known. If the available choice of trans- 
formers is limited it is usually best to 
select one which will present a higher 
rather than a lower than rated impedance 
to the valves. A variation of +10% in 
the reflected impedance makes little dif- 
ference in the output power and distor- 
tion. Usually an output transformer is 
provided with several secondary ter- 
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minals to match various secondary load 
impedances to a given primary load 
impedance. 
D. Matching Several Identical 
Loudspeakers to a Power Amplifier 

When more than one speaker is to be 
connected to an amplifier the total load 
impedance may often be adjusted to give 
a close match to the amplifier output 
impedance by trying series and parallel 
arrangements and combinations of these. 
The parallel connection is generally pref- 
erable since the disconnection of one 
speaker from the circuit does not in- 
terrupt the operation of the remaining 
speakers, whereas with the series connec- 
tion an open-circuited speaker disconnects 
the whole series group. 

The possible connections for one to 
four 8Q speakers to the output trans- 
former of a power output stage are shown 
in Fig. 2-85. If the power required per 
speaker is 10OW, the power in watts re- 
quired from the amplifier is the number 
of speakers multiplied by 10, regardless 
of the type of connection. The effective 
impedance of a number of speakers in 
series is the sum of their individual im- 
pedances. The effective impedance of a 
number of identical speakers connected 
in parallel is equal to the impedance of 
one speaker divided by the number of 
speakers. In Fig. 2-85(f) the four speakers 
are connected in series-parallel and the 
effective impedance of the combination 
is equal to the impedance of one speaker. 
The various voltages and currents are 
found by using the formulas 

P= PZ and P= = 

and are shown on the diagrams. If the 
output transformer has secondary taps 
for any of the effective speaker imped- 
ances shown in the diagrams, the ampli- 
fier can be properly loaded without the 
use of auxiliary transformers by employ- 
ing the corresponding wiring arrange- 
ment shown in the diagrams. 
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_ Fi1a.2-85 Series and parallel connections to 
similar speakers. 


E. Matching Several Dissimilar 

Loudspeakers to a Power Amplifier 

When dissimilar speakers are to be 
connected to the same amplifier, the 
operating voltages must be determined 
in order that the system may be properly 
designed. For example, consider a system 
which requires two 16 speakers at 15W 
each and four 8Q speakers at 5W each. 
Each group of speakers is connected in 
parallel (Fig. 2-86). The two 162 speakers 
have a combined impedance of 80 and 
require a total of ie of power. From 


Ey 
the formula P = tac the voltage across 
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T, (1.944) 


(15.5V) 
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Fia.2-86 Matching dissimilar speakers to an 
amplifier. 


these speakers is HK; = 15.5V and by 
Ohm’s Law the total current J; = 1.94. 
The four 8Q speakers have a parallel 
impedance of 20 and require 20W. Thus, 
by using the same formulas, the voltage 
across these speakers is H, = 6.82V and 
the total current J. = 3.16A. 

If the secondary voltage of the output 
transformer T, is 15.5V, the 80, 30W 
load may be connected directly to the 
transformer secondary. However the 
20, 20W load requires an auxiliary trans- 
former 7’, which delivers 6.32V from an 
input of 15.5V. Its turns ratio from 
primary to secondary therefore equals 


Transformers are usually specified by the 
impedances between which they operate. 
The secondary impedance is 20 and, 
assuming negligible power loss in the 
transformer, the primary impedance is 
Ei . 240 
4 eS 
The combined impedance of the two 
groups of speakers across the 7’; secon- 
dary is that of an 80 load in parallel with 
a 120 load and is 4.89. A 40 or a 50 tap 
is sufficiently close. However, if these 
are not available and the amplifier has a 
given output impedance, say 500 ohms, 
a second auxiliary transformer may be 
inserted between the amplifier and the 
combined 4.80 load. 


= 12. 


2:63 


F. Matching Several Speakers to an 
Amplifier with a Fixed Output Impedance 


In many cases the output transformer 
is part of the amplifier unit and requires 
a stated impedance across its secondary. 
The load impedances to be connected to 
the secondary are adjusted to present 
the stated impedance to the amplifier 
output terminals. For example, if four 
8Q speakers placed at intervals along a 
long line are to be connected to a 5000 
amplifier output the proper match may 
be obtained as follows. The combined 
impedance of the four loads in parallel 
must be 5002 so that each speaker must 
present an impedance of 2000. In order 
to do this an auxiliary transformer, 
20000-to-8Q2 must be provided for each 
speaker as in Fig. 2-87. It is not desir- 
able to have long lines from a trans- 
former secondary to a low-impedance 
voice coil because of the power loss due 
to high current. Hence individual trans- 
formers are used. If the speakers are 
close together their voice coils may be 
connected in parallel giving a combined 
impedance of 20 which may be con- 
nected to the line through a 5000-to-20 
transformer. 

If the loudspeakers require different 
amounts of power, suitable power-divid- 
ing transformers must be used. Fig. 2-88 
shows an amplifier with a 5002 output 
impedance connected to three speakers 
which require 5W, 5W, and 10W respec- 
tively. The total power required is 20W 
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Fia.2-87 Matching to similar speakers at 
distant points. 
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F1c.2-88 Matching to speakers of different 
impedances and power requirements. 


and thus the voltage across the output 
is H = 100V. 

The impedance necessary for each load 
in order for it to absorb the required 
power when placed across the 100V is 
calculated as follows. 

For each 5-watt load, 


E? 100X100 
ex = = 20002. 
if P 5 
For the 10-watt load, 
E? — 100X100 
=] = ——— = 10002. 
a Nig 10 


The effective impedance of the three 
loads in parallel is 500Q. 

Since the primary impedance for each 
transformer is now known, it is only 
necessary to make the secondary imped- 
ance correspond to that of the voice coil 
of the particular speaker. For example, 
if the 10W speaker has a 16 voice coil a 
10000-to-162 transformer is required. 

2.21 Classification of amplifiers. The 
amplifiers described in the present chapter 
have been variously classified as to class 
of. operation, type of service, kind of 
circuit and type of output. As there is 
considerable overlapping in these classi- 
fications, a summary is included in the 
following paragraphs. 


A. Class of Operation 


Amplifiers are classified according to 
the conditions under which they are 
made to operate. A Class A amplifier is 
one in which the grid bias and the alter- 
nating grid voltage are such that anode 
current flows at all times as shown in 
Fig. 2-89 (a). 

In a Class B amplifier the grid bias is 
approximately equal to cut-off so that 
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Operating a Class A 


(d) 
Fia.2-89 Classification of amplifiers (a) Class 
A (b) Class AB (c) Class B (d) Class C. 


the anode current is approximately zero 
when no input voltage is applied. Hence 
the anode current flows for approximately 
one half of each cycle when an alternat- 
ing grid voltage is applied. The opera- 
tion of a Class B amplifier is shown in 
Fig. 2-89 (b). 


- 
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A Class AB amplifier is one in which 
the grid bias and the alternating grid 
voltage are such that anode current flows 
for appreciably more than half but less 
than the entire alternating grid-voltage 
eycle as shown in Fig. 2-89 (c). 

In a Class C amplifier the grid bias is 
appreciably greater than cut-off value 
so that the anode current is zero when 
no alternating grid voltage is applied. 
Thus the anode current flows for less 
than one half of each cycle when an 
alternating grid voltage is applied. Class 
C operation is shown in Fig. 2-89 (d). 

The subscript 1 is added to the letter 
or letters of the class identification to 
indicate that grid current does not flow 
during any part of the input voltage 
cycle. The subscript 2 is added to indi- 
cate that grid current flows during part 
of the input voltage cycle, for example, 
class A,, class A Bo. 


B. Type of Service 


Amplifiers are classified according to 
type of service as follows. 

(i) Audio-frequency (a-f) amplifiers are 
used to amplify with constant gain 
at all frequencies within the audible 
range (15 to 15,000 c/s). 

(ii) Radio-frequency (r-f) amplifiers are 

used to amplify at a single radio 

frequency or over a small band of 
radio frequencies. 

Video-frequency (v-f) amplifiers are 

used to amplify with a uniform gain 

at frequencies extending over a very 
large range as required for television 

and radar (15 to 4,000,000 c/s). 


Intermediate-frequency (i-f) ampli- 
fiers are r-f amplifiers used in special 
applications and the term does not 
refer to another class of amplifier. 


(iii) 


(iv) 


C. Type of Circuit 


Amplifiers are frequently used in cas- 
cade. That is, the output voltage of one 
stage is used as the input voltage of the 
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succeeding stage. Thus amplifiers can 
be classified according to the type of 
circuit used to join the various stages. 
The usual types are resistance-capaci- 
tance, inductance-capacitance, and 
transformer coupling circuits. 


D. Kind of Output 


Amplifiers are classified as power or 
voltage amplifiers according to the out- 
put. Voltage amplifiers are designed to 
give a large voltage gain, power output 
being a minor consideration. Power 
amplifiers are used to deliver a large 
amount of power to a load, voltage 
amplification being incidental. Either 
voltage amplification or power amplifica- 
tion may be employed in any of the a-f, 
r-f, or v-f amplifier classes. 

2.22 A public-address (P-A) system. 
The amplifier shown in Fig. 2-90 is 
typical of amplifiers used in the Service, 
in public address systems for hailing 
other ships and for recreational purposes 
within the ship itself. This amplifier 
contains the following components. 

(i) Microphone 

Gi) A-f voltage amplifier 
(iii) Paraphase amplifier 
(iv) Power amplifier 

(v) Control circuits 
(vi) Power supply. 


A. The Microphone 


The microphone is a dynamic unit 
fitted with a press-to-talk switch and a 
length of shielded 3-conductor cable. A 
description of this type of microphone 
is given in Chapter VIII. 


B. The A-F Voltage Amplifier 


The a-f voltage amplifier V; is a twin 
triode with anodes and grids respectively 
connected in parallel and is operated 
class A;. The primary of the input trans- 
former 7’; consists of two similar sections 
normally connected in parallel. R, is 
connected across the primary of 7; and 
is the microphone-line-terminating re- 
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receiver 
output 
J» 
Hailing 
speaker 


Fic.2-90 Typical circuit for public-address system. 


sistor. Cathode bias is developed across 
Ro, by-passed by Cy. The output volt- 
age of V; appearing across R3, is coupled 
to the grid of the next valve through the 
resistance-capacitance network consist- 
ing of Rs, Cs, re Cs; Cio, and Pe This 
is a frequency-response adjusting net- 
work which is discussed later. 


C. The Paraphase Amplifier 


The paraphase amplifier V2 is a twin 
triode, one section acting as an amplifier 
and the other as a phase inverter, both 
being operated class A:. The cathode 
resistor Ry, is not by-passed and pro- 
vides degeneration which improves the 
frequency response. P is a volume con- 
trol in the grid circuit of V.,. The out- 
put of V2, appears across the anode load 
resistor Rs and is coupled through the 
blocking capacitor C, to the grid re- 
sistors, A; and Rs, of the power ampli- 
fier V3. The portion of the output 
voltage which appears across Rg is ap- 
plied to the grid of Voz. The output of 


this section appears across the anode 
load resistor R, and is coupled through 
C, to the grid resistor Ry of Vy. From 
the values of resistance given in Fig. 
2-90 it is seen that RP, is equal to Re and 
that, within practical limits, R; together 
with Rs equals Ro. 
& 


D. The Power Amplifier — 


The power amplifier stage consists of 
two beam power valves in a push-pull 
circuit and is operated class A B;. Cathode 
bias is developed across Rio, by-passed 
by Ci. The power amplifier output is 
transformer coupled either to the hailing 
loudspeaker, via outlet jack Js, or to a 
200Q transmission line feeding the voice 
coils of a bank of remotely-located enter- 
tainment loudspeakers, via outlet jack 
Jag. 

Load switching is accomplished by 
means of a 2-gang selector switch S3. 
When this switch is in the group announc- 
ing position: 
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(i) the hailing loudspeaker is discon- 
nected from the amplifier 


(ii) the broadcast receiver is discon- 
nected from the entertainment 
speakers 


(iii) a dummy load Ri2 is connected to 
the broadcast receiver 

(iv) the amplifier is connected to the 
entertainment speakers. 

When this switch is in the hailing posi- 

tion: 

(i) the amplifier is disconnected fom 

the entertainment speakers 

(ii) the broadcast receiver is discon- 
nected from its dummy load and 
connected to the entertainment 
speakers 

(iii) the hailing loudspeaker is connected 
to the amplifier. 

An inverted-L type attenuator, Riis 
and Rig, which may be cut into, or 
out of, the 2002 output circuit by 
metal straps, allows the normal output to 
be limited when the number of remote 
speakers is reduced. The secondary of 
the output transformer 7. is tapped 
about 4 way up from ground to match 
the 15Q hailing loudspeaker. 


E. Power Supply and Control Circuits 


The four valve heaters are connected 
in series-parallel across the 12V battery 
supply through a filament switch S; and 
a 3A fuse F;. The H.T. is obtained from 
a dynamotor DM, operated from the 
battery and controlled by a toggle switch 
Se in series with a 20A protecting fuse 
F,. The H.T. is supplied through a 
+A slo-blo type fuse F’3 and a m-section 
resistance-capacitance filter Riz, Ciz3 and 
Cis, directly to the power stage. This 
voltage is further filtered, reduced, and 
decoupled by the H.T. voltage dropping 
resistor Ri, and C's and applied to the 
paraphase amplifier. The voltage ampli- 
fier receives an H.T. which is still further 
filtered, reduced, and decoupled by the 
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resistors Ri; and Ri, and the capacitors 
C3 and Cy 5. 

Keying of the H.T. circuit is effected 
by a relay RS; controlled by the press- 
to-talk switch on the microphone. The 
relay opens and closes the H.T. supply 
to the screen voltage divider Ri34 and 
Risg of the power stage. The coil of the 
screen-current-control relay and a pilot 
lamp PL, are connected in parallel 
across the heater circuit. The capacitor 
C, is a surge buffer. 

The resistance-capacitance tone-con- 
trol network, coupling the output of the 
voltage amplifier to the phase-inverter 
stage, may be adjusted to modify the 
normal frequency response of the ampli- 
fier to meet special operating conditions 
as shown in Fig. 2-91. Connecting links 
are used to provide the following arrange- 
ments. 


(i) The arrangement of the coupling 
circuit shown in (a) is the usual 
resistance-capacitance network 
which gives a flat overall response. 

(ii) In (b) the total coupling capacitance 

is reduced by putting Cy and Cs in 

series. This attenuates the low 
frequencies more than the high fre- 
quencies to cause the higher fre- 
quencies to predominate in the out- 


put. 
ple lvif 
Rs 
C, 
Vi 
Py 
To grid 
O} V, 


(a) ~ (b) 


F1a.2-91 Tone control network (a) Basic R-C 
coupling for flat overall response (b) Low- 
frequency attenuation. 
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(e) 


Fr1a.2-91 Tone control network (c) High-fre- 
quency attenuation (d) Additional low-frequency 
attenuation (e) Additional h-f attenuation. 


(iii) In (c) Cg is placed in parallel with 
R;. This reduces the load at high 
frequencies more than at low fre- 
quencies to reduce the response at 
the high frequency end. 

In (d) C4, Cs and Cio are connected 

in series to attenuate the low fre- 

quencies to a greater degree than 

in (b). 

(v) In (e) Cs is placed in parallel with 
kz and Cy with P,; to attenuate 
the high frequencies to a greater 
degree than in (c). 


(iv) 


2.23 Applied mathematics. 


A. The Equivalent-Anode-Circuit 

Theorem and Gain of an Amplifier 
The equivalent-anode-circuit theorem 
states that, as far as a-c components are 
concerned, the valve may be replaced 
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in its circuit by an equivalent generator 
which has an internal resistance equal to 
the a-c resistance of the valve at the 
operating point chosen and which gener- 
ates a voltage equal to the amplification 
factor of the valve multiplied by the 
grid-signal voltage. This is due to the 
fact that the grid is u times as effective 
in controlling the anode current as the 
anode is. Thus the valve is represented 
as a source of constant voltage ue, 
in magnitude. This constant-voltage 
generator has an internal resistance which 
is equal to the anode resistance r, of the 
valve and is therefore in series with the 
generator as in Fig. 2-92 (a). 

There is another form of equivalent 
circuit in which the valve is represented 
as a source of constant current 7 = gmé, 
rather than a source of constant voltage. 
The anode resistance r, of the valve is 
connected across the constant-current 
generator as in Fig. 2-92 (b). This type 
of equivalent circuit is more suitable for 
use with pentode valves where the anode 
resistance is high while the constant- 
voltage form is more suitable for use 
with triode valves. 

An equation for the gain of an ampli- 
fier involving the constants of the valve 
and circuit can be derived as follows. 

From the definition of the transcon- 
ductance gm of a valve (Chap. I) 

Aty = gmAe (1) 
where é, is held constant. 

Also from the definition of the anode 
resistance rq 


Ah = j (2) 


Ta 
where e, is held constant. 
Thus if both e, and e are changed at 
the same time, the change in anode 
current is 


é At = Ne ican: 


(3) 

a 
In the case of an amplifier, the changes 
in current and voltage are the alternating 
components caused by the input voit- 
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Rote eS SS eS eS ee ee 


Fig.2-92 Equivalent circuit of an amplifier (a) 
Constant voltage form (b) Constant current form. 


age. The instantaneous value of an 
alternating voltage or current is the 
change in the voltage or current from the 
average value. Thus the changes in 
current and voltage in equation (3) can 
be replaced by the instantaneous alter- 
nating voltages and currents and the 
equation becomes 

SF ry ees (4) 
If the variations are kept within the 
linear portion of the dynamic e,—% 
curve gm and rq, are constant. At any 
instant the total instantaneous anode 
voltage is 

C= Ey —taky (5) 
That is, the change in e& is —i.f,. But 
the change in @ is é, the alternating 
component. Therefore 

la = —i,R, (6) 
Substituting for e, in equation (4) re- 
sults in 


| 
<Q 
3 
kav) 
—) 

| 


tat lig (8) 
Még = ta(fa t+ Rz) (9) 


Equation (9) is the basic equation for the 
equivalent anode circuit using the con- 
stant-voltage generator ye,. Since the 
same equation represents the action of 
an amplifier circuit as far as a-c com- 
ponents of current and voltage are con- 
cerned and also represents the action in 
a circuit of the type shown in Fig. 
2-84 (a) this equivalent anode circuit 
represents the action of the amplifier for 
a-c components. Equation (9) can be 
derived by applying Ohm’s Law to the 
circuit of Fig. 2-92 (a) in which the 
e.m.f. is we,, the current is 7, and the 
total resistance of the circuit is r-+Rz. 
From equation (7) 


; R 
w= 48) 


" 1 1 
= iaBal = 1) 


Equation (10) is the basic equation for 
the constant-current generator form of 
the equivalent anode circuit. It may be 
derived by applying Ohm’s law to the 
circuit of Fig. 2-92(b) in which the 
generator current is gmé,, the voltage 
across the parallel resistance is 7,R;, and 


Therefore, 


or Imo (10) 


the conductance is ee 
R, Ta 


The gain of the amplifier can be de- 
fined as 


Equation (9) can be re-written for the 


20) 


instant when e, and 7, reach their maxi- 
mum values by substituting 


€g = Ey maz 
and ta = Lamar 
Thus equation (9) becomes 
ul, max — Demi Calon) 
and Lee ai (11) 
But, considering magnitudes only, 
Ea maz = Lamarlt (12) 


Substituting for Iamaz in equation (12) 

from equation (11) gives 

uly max 

fet hy (13) 

which in turn is substituted into the 

gain equation to result in 

Ey max 

Byes 

uh, mar 

mae) eae 

HK, mar 

uk, : 

Te-picg 


B. Decibels and Volume Units 


It is pointed out in section 2.6 that 
the ear has a logarithmic response to the 
intensity of sounds. For this reason it is 
convenient to choose units for the mea- 
surement of sound levels which also vary 
logarithmically. These units are the bel 
and the decibel and are defined by the 
formulas 


E, max — xX Ry 


A= 


(14) 


No. of bels = log 
2 


No. of decibels = 10 log = 
2 


where P; = larger of the two powers to 
be compared 
2 = smaller power. 
Example. A certain radio receiver uses a 
power vaive V, in the final audio stage 
that delivers 4.5 watts to the loudspeaker. 
A second valve V2 delivers 6.5 watts to 
the speaker. Express the increase in 
power as a percentage and in decibels. 
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| 
= 
= 
oT 
08 
| 


No. of decibels = 


I 
—_ 
So 
— 
2) 

os 


10 X 0.1596 

=, 16 
Thus, while the power has been in- 
creased by 44%, the increase in loudness 
is barely perceptible to the human ear 
since a gain of 1db is about the minimum 
which can be detected. 

The bel and the decibel are only rela- 
tive units and do not denote any definite 
amount of volume, power, current or 
voltage. In order to compare the out- 
puts of two amplifiers without reference 
to their input powers, it is convenient to 
choose some arbitrary reference level. 
Although there is no single reference level 
which is used by all manufacturers, it is 
common practice to take a power level 
of 6 milliwatts as zero db. Any power level 
less than 6 milliwatts is indicated by 
negative db and any level above 6 milli- 
watts is indicated by positive db. 
Example. An output transformer is 
rated for service at 36db. What is the 
power-handling capability of the trans- 
former in watts? 


No. of decibels 


l| 

_ 
So 
o 
oe 

| 


P» = 0.006 watts 
Therefore 36 = 10 log Ri 


3.6 = log P:—log 0.006 
log Py = 3.6-443:7782 
1.3782 
Thus P, = 23.9 
The transformer is capable of handling 
23.9 watts of power. 

For measuring program levels on 
broadcast circuits transmitting speech 
and music, the industry has accepted a 
standard unit called the volume unit or 


l| 


AMPLIFICATION 


v-u. The volume unit is based on a zero 
reference level of 1 milliwatt in a circuit 
of 600 ohms impedance. This measure- 
ment is made by a voltmeter of specified 
characteristics, called a volume-level in- 
dicator. 
Example. An amplifier circuit produces 
a maximum output of 60 watts. Calcu- 
late its power rating in db and v-u. 

No. of db = 10 log = 


2 


60 
10 1 
°8 0.006 
= 10 log 10,000 
=a) 


10 log 


No. of v-u 
0.001 


= 10 log 60,000 
= AT 
Formulas may also be developed for 
calculating power gain in terms of the 
input and output voltage or current as 
follows. 
No. of decibels = 10 log = 


2 


Substitute P = I°R 
: TPR, 
No. of decibels = 10 log ——— Teh 
No. of decibels = 10 log Fito log = 
2 
= 20 log 7 +10 log — za 
Re 


If the input and baci currents are 
made to flow through equal resistances, 
R, = R2 


I 
. No. of decibels = 20 log =. 
2 
EH? 
Pi 
Also, R 
E;? Re 
-. No. of decibels = 10 log Rs Xi : 


Bit Re 

=10 log Bt? log R, 
Ey R: 

= 20 log Bet? log R, 


Again, if the input and output volt- 


2 tak 


ages are developed across equal resist- 
ances, 


E 
No. of decibels = 20 log a, 
2 


If the current and voltage are not in 
phase with each other, the power formula 
must include the input and output im- 
pedances and the phase angle. The power 
is given by the formula 


P = EI cos 0 
“. No. of decibels = 10 log - 


2 

E,I, cos 6, 
Eols cos A> 
E?Z_ cos 6, 
E'.?Z; cos 05 


= 10 log 


= 10 log 


No. of decibels 
= 20 log =34-10 log 24. 10 109 oe 
E>» Zi 


COS 0, 


where Z; and Z, are the impedances of the 
output and input circuits, 6; and 62 are 
the phase angles between current and 
voltage in the output and input circuits 
respectively. 

A chart for converting current, volt- 
age or power ratios into decibels is given 
in Appendix XVII. The table may also 
be used to convert db into current, volt- 
age or power ratios. 


C. Phase Angle of an Amplifier 


It is shown in section 2.1 that the input 
voltage and the output voltage of an 
amplifier with a pure resistance load are 
180° out of phase. When the load 
impedance is a combination of resist- 
ance and inductance the phase angle de- 
pends on the relative sizes of the load 
resistance, the load inductance, and the 
a-c resistance of the valve. This is seen 
in the vector diagram Fig. 2-93 (b) for 
the equivalent circuit of Fig. 2-93 (a). 

The vector diagram is constructed on 
the I, vector as a base. The p.d.’s 
across 7, and Ry, are in phase with J, 
since these are purely resistive com- 
ponents. The p.d. across Lz, IqXxz, 
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T,Xz 


F1a.2-93 Phase shift in an impedance-loaded 
amplifier (a) Equivalent circuit diagram (b) 
and (c) Vector diagram. 
leads I, by 90° since Ly is a purely 
inductive component. ‘Thus the total 
p.d. Hz, across R;, and Ly, I,Zz, is the 
sum of the p.d.’s across Rz and Ly, as 
shown. uE£, is the total voltage supplied 
to the circuit so that the sum of the 
p.d.’s across rz and Z, in the vector 
diagram will be equal to wH,. The 
vector [,Z, = Ez, is re-plotted with its 
starting point at O. In the equivalent 
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circuit, it is seen that By = Ez,. Thus 
the E, vector is drawn the same Jength 
as the Ez, vector but 180° out of phase 
with it. 

The angle by which Ez, leads I; is a. 
The angle by which ZH, leads Ez, is 180°. 
Thus E, leads I, by an angle of (180°+a). 
But wv, and E, lead I, by the angle p. 
The phase angle of the amplifier is then 
@ = 180°+(a—6). Since Xz, changes 
with frequency it is seen on the vector 
diagram that the angle a, and therefore 
the phase angle of the amplifier 6, de- 
pend on the frequency of the input volt- 
age and the size of R, and L,. Further- 
more, the angle 8 depends on the size 
of a and r, as well as on the above fac- 
tors. Thus 6 depends on the relative 
sizes of Rz, Lz, ra and the frequency of 
the input voltage. 

The following conclusions as to the 
dependence of the phase angle of the 
amplifier on the size of the components 
of the circuit and the frequency of the 
input voltage can be derived from the 
vector diagram. 


(i) 8 increases as 7g decreases until 
B=a at r, = 0. Therefore, the 
phase angle of the amplifier, 
@ = 180°+(a—8), decreases as rq 
decreases until at rz = 0 in which 
case 0 = 180°. 

(ii) If X, = 0, that is the load is purely 

resistive, a = 0° and 8 = 0°. There- 

fore 6 = 180° for all values of Ry. 

If Ry = 0, that is the load is purely 

inductive, a = 90° and the vector 

diagram is as in Fig. 2-93 (c). 

Thus 6 = 180°+(a—8£) 

180°+ (90 — 8) 

= 270°—8. 

If, in addition rz = 0, then 8 = 90° and 

6 = 180°. 

When r, increases, 6 decreases so that 


6 approaches 270° as rz approaches in- 
finity. 


(iii) 
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(iv) Xz, increases as the frequency f of 
the input voltage increases. If 
Zr, = Ry, that is L, = 0, then 6 
does not change with f. If Lz is not 
zero then a increases with f from 
a = 0° at f = 0 toapproach a = 90° 
as X;, gets very large compared to 
Ry. 

In the above discussions it is men- 
tioned that certain conditions obtain in 
the amplifier circuit if r, = 0. In prac- 
tice all valves have an a-c resistance so 
that these conditions never actually exist. 
However, these conditions are approached 
by making Z; very large compared to rg. 
That is, a and 6 will be nearly equal when 
Z_, is very large. 

D. Input Impedance for Resistive Load 

In analysing the operation of ampli- 
fiers in cascade it is important to know 
what impedance an amplifier will appear 
to present to the output voltage of the 
preceding stage. The formula for the 
input impedance is developed using the 
circuit of Fig. 2-94. The interelectrode 
capacitances C,, between grid and anode 
and Cy, between grid and cathode are 
drawn with dotted lines in their respec- 
tive positions in the circuit. The anode- 
to-cathode capacitance has been included 
with the anode load impedance to give 
the load impedance Z, which represents 
the total impedance of the anode circuit. 

If this impedance, Z;, is zero the input 
impedance as viewed from e, is the 
reactance of C,, and C,, in parallel. 
That is, the input impedance is the re- 
actance of the input capacitance C’;; where 

C; = Cat Cea (1) 

If the impedance Z, is not zero but 
purely resistive the anode voltage E, is 
180° out of phase with the grid voltage 
E,. If the amplification of the stage is 
A then £, is given by the relation 

E, = —AE, 
Since the alternating voltage between 
grid and anode which appears across Ca 
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is the difference between EH, and E,, 
therefore 

y= Bes EH, = (=AE;) 
E,+AE, 
E,(1+A) 
That is, the alternating voltage across 
Cy. has been multiplied by a factor of 
(1+ A). The current J flowing through 
Cra is from Ohm’s Law, 

7 = Bot) 
1 
Coa 
= wCj.H,(1+A). 

The current J, flowing through C,; is 
from Ohm’s Law, 


E, 
I, = ates 
ON 9% 
I,, the total current flowing in the input 
circuit, is equal to J+ J,. 
Therefore 
I, = wCyH,1+A)+oC,,.£, 
= oF [Cy +Cpa(1+ A) ] (2) 
Also, by Ohm’s Law 


Ye | 

bPapere 
Thus C, = he 
* wh, 

Thus, substituting from (2), 

Ga = wHglCon+Coa(1+ A) ] 
g wH, 
= Cy t+Ca(1+A) (3) 
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Thus it is seen that the input capaci- 
tance is greater when the amplifier has a 
load in the anode circuit than when it 
has no load. This is called Miller Effect. 

When Z, is reactive E, and H, are not 
exactly 180° out of phase and the current 
I, does not lead H, by exactly 90°. This 
indicates that there is an input resist- 
ance as well as an input capacitance. 
When the reactance of the load is capaci- 
tive the input resistance is positive. 
That is, power in the input circuit is 
lost to the anode circuit through C42. 
When the reactance of the load is induc- 
tive the input resistance is negative. A 
negative resistance is a component which 
supplies energy to the circuit instead of 
removing energy from the circuit. That 
is, the grid circuit receives energy other 
than that given to it by the EH, source. 
This energy comes from the anode circuit 
through the interelectrode capacitance 
Cy. This phenomenon is called regenera- 
tion or positive feedback. The energy 
fed back helps E, drive the current in 
the grid circuit, and hence the feedback 
is said to be positive. 
E. Input Impedance for Reactive Loads 

The quantities of charge correspond- 
ing to the r.m.s. values of grid voltage 
on the interelectrode capacitances for 
zero load impedance are 

Qox - Cox Hy 
and Or, 30), f. 
The input capacitance may be found as 
follows. The sum of the charges caused 
by E, is 
Qor+Qoa = Cx Hy +C,aH, 

E (Cox Coa). (4) 
Because the capacitance of any capacitor 
is defined as 


c=28 
EK’ 
the equivalent capacitance holding the 
charge Q,,+Qya is 


Qo + Qoa 
CG, = Saree = get yes (5) 
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This is the input capacitance because it is 
the input voltage #, which causes the 
alternating charge on the capacitances. 
A comparison of equations (5) and (1) 
shows that the same result is obtained 
by two different methods of develop- 
ment. The latter method is unwieldy 
in this simple example but can be used 
conveniently in the case where Z; is not 
zero as follows. 

Suppose Z, is purely resistive. 
charge on C,, due to &;, is 

Qn = or Lig. (6) 

As was stated previously the alternat- 
ing voltage between grid and anode 
which appears across Cj, is the differ- 
ence between #, and E,. 


The 


Therefore, 
E,—E, = E,—(—AE,) 
= E,+AE, 
= E,(1+ 4) (7) 


and the charge on C,, is 

Qya = CyaH,(1+A). (8) 
The equivalent capacitance holding the 
total charge caused by applying E, to 
the circuit is 

Cs = One-T Ore 

K, 

= Cpt ConGl 1-4). (9) 
The input impedance in this case is the 
capacitive reactance of the input capaci- 
tance C;. 

In general when Z, is not purely 
resistive, H, is not equal to — AE, as in 
the above case but is equal to — A E, cos 0 
where @ is the angle by which the alter- 
nating voltage Ez, which is equal. to 
— Ey, developed across Zz, leads E, (Fig. 
2-95). The voltage across Coa iS NOW 
E,—(—AE, cos @) = E,(1+4 cos 8) (10) 
The charge on C,, is 


Qox = Cyr, (11) 
and the charge on Cj, is 
Qoa 3 CL, I+A cos 0) (12) 


The equivalent capacitance holding the 
total charge is 
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Fia.2-95 Vector diagram of input and output 
voltages for reactive load. 


Ce eas Ont Qou 
v E, 

= CyrtC,(1+A cos @) (13) 
It is shown in part F that in this case the 
input impedance has a resistive com- 
ponent known as the input resistance 

given by 

1 

tien AwCyq sin 0 (14) 
The input impedance consists of C,; and 
F,in parallel. When Z, has a capacitive 
component the voltage across Z, lags 
EH, and the angle @ is negative. In this 
case sin @ is negative and R; is positive. 
Since cos @ is positive when @ is either a 
negative or positive acute angle C; is 
always positive. Thus Z;, is made up of 
positive resistance and capacitive react- 
ance which indicates that energy is being 
fed into the anode circuit by way of Coa. 
When Z, has an inductive component 
the angle @ is positive. In this case sin 0 
is positive and FR, is negative. This is the 
case of regeneration or positive feedback. 


PF. Alternative Method for Finding 
the Input Impedance 


In general, the amplification of an 
amplifier stage is a complex quantity and 
is given by A(cos 0+ 7 sin @) where A is 
the absolute ratio of the voltage de- 
veloped across Z, and the input voltage. 
Thus 


The angle @ is the phase angle between 
the two voltages. 
It is desired to find the input imped- 
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ance of the amplifier. The case where 
6 = 0° and #, is such as to cause no grid 
current in the valve is considered first. 
This means that the current that flows 
in the grid circuit must divide and flow 
through the interelectrode capacitances 
Cjq and C,,. The current J, through C), 
is given by 

I, = E,joCgx. (1) 
The voltage across C,, is the difference 
between EH, and H,. Thus the current J», 
through C;,, is given by 

In= (E, — Ea)jwC ya 


= (£,+AE,)j0C ya 
= E,(A+1)jwCoa. (2) 
The total current is 
[= I, ste I, 


ye oC on + E,(A =; 1)jwC oa. (3) 
The input impedance of the amplifier is 


eve 
ae (4) 
Substituting from (3) into (4) 
Lig = aD 
: E,joCg,t+ E,(A+1)jaCoo 
1 
GOs + Aste Cra lis ay 


This indicates that the input impedance 
is purely capacitive and that the input 
capacitance is 
C; re Cyt Coal aA) (6) 
For the general case where @ is not 
necessarily zero the input impedance 
from equation (5) becomes 


1 

ae jC. +A (cos 0+j sin 6) +1 ]joCya 

i Sa ee pau oe jC ya 
1 

~ joo Cyr t+ AC ya COS O+Cyq]—AwC yg sin 8 

~ Jeol C+ Cya(l +A = 6) |— AwCy,q sin 6 


(7) 
For convenience the input admittance, 
Y,, 1s used. 
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1 
Yi 7 


= jwl Cp. +Ca(1+A cos 6) ]— AwCyq sin 8 
=—AwC,,sind +jo[lCyxt+ Coal + Acos6é) |. 

(8) 
The first term of equation (8) is the 
conductance and the second term is the 
susceptance. Note that the susceptance 
is capacitive. Thus the input resistance 


1 
AwCjq sin 6 
is Cox t+Cya(1 +A cos 6). 


G. Theoretical Anode Efficiency 


If the e,—7z curves are shown as 
straight lines as in Fig. 2-96 the theoreti- 
cal anode efficiency may be found for a 
triode operated class A, with maximum 
power output and a given anode supply 
voltage. The load resistance RP, is equal 
to 2r, and 2, is assumed to equal zero. 
The total input swing is from a to b 
about the operating point c. E, is the 
effective value of the corresponding anode 
voltage and thus the peak value is 
A/ 2H, Siace Re = 27., Ey mm 18 Ey, and 
therefore Ey min iS $Ebo. 

Then from the figure 


is and the input capacitance 


Sy eo 
/2E, 7 Ou 
VS 2, a Tyo. 


Since the load is a pure resistance cos 6 is 
unity and the a-c power output is 


Pac = Eyl, cos 0 
Fz I Sal 
and the percentage anode efficiency 7, is 
given by 


“iis 


In practice this value is not obtained 
because of the curvature of the ty — ty 
curves. 
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Fic.2-96 Graph for calculating theoretical 
anode efficiency. 


H. Percentage Second Harmonic 
Generated in a Valve Due to the Curvature 
of the Dynamic e,—t, Curve 

The dynamic e,—2% curve is repre- 
sented approximately by the quadratic 
equation 

ta = Ae,+Be,? 
where A and B are constants. 
The load impedance is assumed to be a 
pure resistance and the grid-signal volt- 
age e, is assumed sinusoidal and is ex- 
pressed as 
@ = V2E, COs wt. 

Substituting from (2) into (1) 

tq = Ar/2E, cos wt+ B(/2E, cos wt)? 
Since 2 cos wt = 1+ cos 2wt, then 
t, = Ar/2E, cos wt+ BE,? (1+ cos 2wt) 

= BE?+A/2E, cos wt+ BE,? cos 2wt. 

(3) 

Since this expression consists of a con- 
stant term as fundamental and a second 
harmonic the following substitutions are 
made. The constant term BE,? repre- 
sents the increase in the d-c component 
of anode current when a signal is applied 
and is represented by Jy., the amplitude 
of the fundamental by +/2J,, and the 
amplitude of the second harmonic by 
V/2L a, 
Thus 
lq = Teena Gag 


(1) 


(2) 


at-b Ta. cos Qut). (4) 


AMPLIFICATION 


The total anode current 7 = i,+1p 
where J,) is the steady no-signal anode 
current. Since the anode current is a 
maximum when wt = 0 and a minimum 


when wt = 7, 


Toot DotV2latV2le2 (5) 


I, max — 
and 
I, min — Tyot+Toa— V 21 gt V 2102 (6) 
Thus by subtracting (6) from (5) 
~ ieee min 

V21q = fa 5) aaah 7) 
By comparing (3) and (4) it may be seen 
that a 

Nodes = Dig = de 
By adding (5) and (6) and substituting 


ee a M2122 
fa i mar I min 
VB = Ing = 3 (PEST — Ino) (8) 


The percentage second harmonic in 
the anode current and hence in the anode 
voltage is given by 


V2F02 100, (9) 
al 
By substituting from (7) and (8) this 
becomes 
zils ae tT Le pia) Ls 
(1h Wien Lh i) 
The values in this expression may be 
found from the load line on the e,—2, 
curves. The permissible upper limit of 
second harmonic generation is ordinarily 
10%, but for certain applications this 
is only 5%. 


I. Operation of a Push-Pull Class A 
Amplifier Beyond the Linear Region 


100. (10) 


If the grid-signal voltage e, is sinu- 
soidal and is expressed as 


e, = V2E, cos wt (1) 
the anode current for no distortion is 
ty = Ip tvV2Iq1 COS wt. (2) 


If distortion is present the anode current 
of the first valve may be expressed as the 
series 
= Tyo leat VOTE cos wt-+ 

Tao cos 2wt-+Iq3 cos 3wt+....) (3) 


PAL 


Thus an increase in average anode cur- 
rent when the signal is applied indicates 
that distortion is present. If the push- 
pull circuit is symmetrical the anode 
current of the second valve is a similar 
expression with wt replaced by wt+7. 


Thus 
Ly! = Toot Toot V2ETa1 cos (wt ta) +Ta2 
cos (2at-+27) +13 cos (8wt+3r)+....] 


(4) 
= Ty). tImetvV2 [—Tai cos wt + Ig, cos2wt 
—I,3 cos 3wt+.... | (5) 


If the output transformer is ideal the 
current ratio is the inverse of the turns 


ratio. 
That is, 
LU cps 
Ne t—t’ 6 
where ha ic e 
Ni : : 
: ka turns ratio of half the primary 
> to the whole secondary 
12 = secondary current 
ly —1y = effective primary current, since 


the anode currents flow through 
the primary in opposite direc- 

tions. ; 
Substituting from (3) and (5) in equa- 
tion (6) the secondary current is given as 


n= 257 VB (Tescoset-+ IercosBat+ me 
2 

(7) 
Thus the average components, the second 
harmonic and all other even harmonics 
generated within the valves are cancelled 
in the output. 

The current through the H.T. supply 
is the sum of the currents through the 
two valves and is given by 
Uy tty’ a. 2Tyo+2lat+ 
V/2 (21 a2. cos Qwt+2Iq,cos 4wt+....) (8) 
Thus in the H.T. supply only the even 
harmonic components are present. An 
increase of 2/,, in the average anode 
current occurs when harmonics are being 
generated in the valves. 
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2.24 Questions and problems. 


_ Draw a simple voltage amplifier cir- 
cuit and label its components. 

_ Explain with the use of graphs the 
variations in anode current and anode 
voltage 
(a) when no signal is applied to the 

grid 
(b) when a sinusoidal grid signal is 
applied. 


3. What is the purpose of grid bias? 


10. 


1 es 


12. 


_ How is the value of grid bias chosen 
in designing an amplifier? 

. State three methods of obtaining 
bias and name the components used 
to obtain the bias in each case. 

. Calculate the size of the cathode 
resistor required to provide a bias of 
—10V with an average current of 
AmA. 


. Why must the bias remain steady 
during operation of the amplifier? 
What component maintains the 
cathode at a steady value? 


. Explain the operation of the cathode 
by-pass capacitor 
(a) on the basis of charge and volt- 
age 
(b) on the basis of current com- 
ponents. 
. Name two types of grid-leak bias. 


Make a diagram of an amplifier to 
show each of the two types of grid- 
leak bias. 

Explain with the aid of graphs 

(a) how grid-leak bias is developed 
(b) how the bias is maintained. 
What happens to the value of grid- 
leak bias 


(a) if the amplitude of the signal 
increases 


(b) if the grid signal is removed? 
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14. 


15. 


OF RADIO 


Differentiate between static charac- 
teristics and dynamic characteristics 
of an amplifier. 


Explain how the dynamic e,—1% 
characteristic of an amplifier is 
obtained. 

How is the position of the e,—% 
curve altered 

(a) if the anode load is increased 


' (b) if the supply voltage is increased? 


16. 


ile 


io: 


20. 


21. 


22. 


Show how the variations in anode 
current are determined from the 
€,—t curve when a sinusoidal input 
is applied to the grid. 


What is meant by the term load 
line? 


. Explain what measurements would 


be taken in a circuit to plot a load 
line. 


How is the load line obtained from a 
set of static e,—7, curves? 


Show how the graph of question 16 
may be extended to determine the 
variations in output voltage from the 
load line. 


Indicate how the variations in grid 
voltage, anode current and anode 
voltage may be plotted on a single 
graph using the load line. 


Select from the receiving valve 
manual a triode valve having an 
amplification factor of about 20. 
From the e,—7, curves given in the 
manual, plot a load line for a load of 
25,000Q and a supply voltage of 250 
volts. Determine the value of 
cathode resistor required to establish 
a bias of —6 volts. Plot the varia- 
tions in grid voltage, anode current 
and.anode voltage corresponding to 
a sinusoidal input of 4 volts ampli- 
tude. Determine the amplitude of 
the output signal at the anode. What 
is the voltage gain? 


23. 


24. 


25. 


26. 


2a. 


28. 


29. 


30. 


31. 


32. 


33. 


34. 


35. 


36. 


37. 


AMPLIFICATION 


Draw the equivalent circuit of a 
triode amplifier with a resistance 
load. Of what use is the equivalent 
circuit? 


What is the formula for the gain of a 
triode amplifier with a resistance 
load? 


Using this formula, calculate the gain 
of the circuit described in problem 22. 


How may the gain of such an ampli- 
fier be increased? 


Name three types of inter-stage 
coupling in voltage amplifiers. 


Make a diagram of a _ two-stage 
resistance-capacitance coupled am- 
plifier and label the components. 


(a) What is the purpose of the coup- 
ling capacitor? 

(b) What is the purpose of the grid- 
leak resistor? 


What factors determine the size of 
the coupling capacitor and grid-leak 
resistor for an a-f voltage amplifier? 


State one advantage and one dis- 
advantage of inductance-capacitance 
coupling. 

How is the impedance of an anode 
load inductor calculated? 


What is the impedance of an anode 
load inductor having a resistance of 
500 ohms and an inductance of 20 
henries when operated at a frequency 
of 200 cycles per second? 


On what factors does the gain of an 
inductance-loaded amplifier depend? 
Make a diagram of a transformer- 
coupled voltage amplifier. 

What type of valve is usually em- 
ployed in transformer-coupled volt- 
age amplifiers? 

(a) What isa satisfactory turns ratio 

for such a transformer? 


38. 


39. 


40. 


41. 


42. 


43. 


44, 


45. 


46. 


47, 


48. 


49. 


50. 
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(b) Why can a higher turns ratio not 
ordinarily be used? 


What is meant by the term frequency 
response of an amplifier? 


How is a frequency-response curve 
determined? 


Explain the meaning of the terms 
mid-frequencies, low frequencies, 
high frequencies when applied to an 
a-f voltage amplifier. 


What factors determine the limit of 
the low-frequency response? Of the 
high-frequency response? 


On what factors does the input 
capacitance of a resistance-loaded 
amplifier depend? 


What effect does an increase in gain 
have on the input capacitance? 


By reference to the valve manual, 
calculate the input capacitance of 
the triode valve selected in question 
22 when operating with a gain of 18. 


What effect would an increase in 
input capacitance produce in the 
shape of the response curve? 


Make a diagram of a resistance- 
capacitance coupled pentode 
amplifier. 

What is the purpose of 

(a) the screen dropping resistor 

(b) the screen by-pass capacitor? 
How does such a circuit compare 
with the triode amplifier as to 

(a) size of anode load resistor 

(b) amplification? 

How does the input capacitance of a 


pentode amplifier compare with that 
of a triode? Explain. 


Name three types of distortion com- 
mon in voltage amplifiers. 


Oo 
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dl. 


52. 


54. 


55. 


56. 


57. 


58. 


59. 


60. 


61. 


62. 


63. 


64. 


65. 


66. 


Explain with the use of the dynamic 
€, —1y characteristic how distortion is 
caused by non-linearity of the 
characteristic. 

In what other ways may amplitude 
distortion be introduced? 


. Explain how the flow of grid current 


introduces distortion in the anode 
circuit. 


Why is amplitude distortion some- 
times called harmonic distortion? 


What components in an a-f amplifier 
other than the valve may introduce 
distortion? 


Explain what is meant by frequency 
distortion. 


What effect is produced on sound 

reproduction 

(a) by reducing the high-frequency 
components 

(b) by reducing the low-frequency 
components? 


What components of the circuit are 
usually responsible for introducing 
frequency distortion? 


What types of load circuits introduce 
phase distortion? 


Why is phase distortion usually 
negligible in a-f amplifiers? 

What is the purpose of an a-f power 
amplifier? 


How do power amplifier valves differ 
from voltage amplifier valves? 


In what way does the impedance of 
the load circuit affect the power out- 
put of the valve? 


What formula is used in computing 
the power output of an amplifier? 
What formula is used in computing 
the maximum power output? 


Why is a power amplifier seldom 
operated with maximum output 
power? 


FUNDAMENTALS 


67. 
68. 


69. 


70. 


ou 


72. 
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74. 


75. 


76. 
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How may distortion be reduced in a 
power amplifier circuit? 


How is optimum power output 
obtained from a power amplifier? 


How does optimum power compare 
with maximum power as to magni- 
tude and distortion present? 


What is meant by the power sensi- 
tivity of an amplifier? State the 
formula for computing the power 
sensitivity. 


What is meant by the term anode 
efficiency of a power amplifier? 


What is meant by anode dissipation? 


How may the anode efficiency ‘be 
increased? 


Whatisthemaximum anodeefficiency 
possible with Class A power 
amplifiers? 


How does the anode dissipation of a 
valve change when a signal is applied 
to the grid? 


Account for the fact that a power 
amplifier valve may burn out if the 
speaker is disconnected during 
operation. 


Make a circuit diagram to show two 
valves operating in parallel. 


Compare the operation of two valves 
in parallel with that of a single 
valve as to 


(a) amplitude of grid signal 
permissible 

(b) power output 

(c) load impedance required for 
optimum output. 

Make a circuit diagram of a push- 

pull a-f power amplifier and label 

the components. 


State two advantages of push-pull 
operation over parallel operation. 


81. 


82. 


83. 


84. 


85. 


86. 


87. 


88. 


89. 


90. 


91. 


92. 


93. 


AMPLIFICATION 


Explain how currents in opposite 
directions in the primary of the out- 
put transformer produce currents 
that add together in the secondary 
winding. 


Explain with the aid of graphs how 
distortion is reduced by operating 
valves in push-pull. 


Why may each valve in a push-pull 
circuit be made to deliver twice as 
much power as the same valve in a 
single-ended amplifier? 


Differentiate by means of graphs 
between Class A, Class AB and 
Class B operation of valves in 
push-pull. 


Make a circuit diagram of a typical 
r-f voltage amplifier. Why are pentode 
valves used in r-f amplifiers? 


What type of coupling is generally 
employed in r-f voltage amplifiers? 
What advantage does tuned- 
transformer loading have over 

(a) resistance loading 

(b) inductance loading for r-f 

amplifiers? 
What is the formula for the gain of 


an r-f amplifier with a tuned anode 
load? 


In what respects does the equivalent 
circuit of the r-f pentode amplifier 
differ from that of the a-f triode 
amplifier? 

What is meant by band-pass 
coupling? 

State one type of circuit which 
employs band-pass coupling. 
Explain why communications 
receivers usually have narrower band- 


pass characteristics than broadcast 
receivers. 


(a) What use is made of radio- 
frequency power amplifiers? 


94. 


95. 


96. 


97. 


98. 
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(b) What types of valves are 
employed for this purpose? 


Explain using graphs the operation 
of a Class C r-f power amplifier. 
Indicate the portion of the cycle 
during which 

(a) grid current flows 

(b) anode current flows. 


Explain how the pulses of current 
through the valve maintain a 
sinusoidal output from the load 
circuit. 


(a) What is a driver stage? 
(b) Why are drivers required in high- 
power transmitters? 


What advantage does a _ direct- 
coupled amplifier have over one with 
capacitance coupling? 


Why can the coupling capacitor 
between stages of an R-C coupled 
amplifier not be short-circuited to 
provide direct coupling? 


Draw a typical direct-coupled ampli- 

fier and explain its operation 

(a) when no signal is applied to the 
grid 

(b) when the grid is made more 
negative 

(c) when the grid is made _ less 
negative. 


100. How does the cathode-loaded 


101. 


102. 


amplifier differ from the anode- 
loaded amplifier in construction? 


Compare the cathode- and anode- 
loaded amplifiers as to gain and 
phase relationships between input 
and output. 


(a) How does the cathode follower 
differ in construction from the 
cathode-loaded amplifier? 

(b) Make a diagram of each circuit 
and indicate the input and out- 
put terminals of each. 
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112. 


113. 


114. 


115. 
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What is the significance of the 
name cathode follower? 


(a) What is the maximum gain of a 
cathode follower? 


(b) Of what use is such a circuit? 


How do the input and output 
impedances of a cathode follower 
compare with those of an amplifier? 


What is the advantage of 
(a) a high input impedance 


(b) a low output impedance in an 
electrical circuit? 


What is the chief characteristic of a 
video amplifier that makes it dif- 
ferent from an a-f or r-f amplifier? 


Why are wide band-pass amplifiers 
given the name video amplifiers? 


Describe the harmonic composition 
of a square wave. 


Why are video amplifiers required 
to amplify square waves and saw- 
tooth waves of voltage? 


What change would result in the 
waveform of a square wave of 
voltage when amplified by a circuit 
with poor high-frequency response? 


How must the phase of the output 
voltage compare with that of the 
input voltage throughout the video 
frequency range? 


(a) What is meant by high- 
frequency compensation in a 
video amplifier? 


(b) How may this compensation be 
achieved? 


Describe a method of obtaining 
low-frequency compensation. 


(a) Why are pentode valves used 
in preference to triodes as 
video amplifiers? 


116. 


Les 


118. 


119. 
120. 


121. 


122. 


123. 


124. 


125. 


126. 


12%. 


128. 


129. 


(b) How does a television pentode 
differ from an r-f pentode? 


In what types of circuits are video 
power amplifiers used? 


What types of valves are suitable 
for video power amplifiers? 


State two methods of matching a 
video amplifier to a low-impedance 
circuit. 


What is a phase-splitting circuit? 


Drawasimple phase-splitting circuit 
and suggest an application for it. 


Make a diagram of a paraphase 
amplifier and explain briefly how 
equal outputs are obtained from the 
two valves. 


What advantage has a floating 
paraphase amplifier over the more 
conventional type? 


What is meant by inverse feedback 
in an amplifier? 


What is an alternative name for 
inverse feedback? 


What is the purpose of introducing 
degeneration into a circuit? 


(a) How is voltage degeneration 
obtained in a_ single-valve 
amplifier? 

(b) Describe briefly the operation 
of the circuit. 


(a) How is current degeneration 
introduced into an amplifier? 

(b) Describe the operation of the 
circuit with degeneration. 


On a dynamic e,—7, characteristic, 
indicate the operating point and 
amplitude of signal required for 
Class A, Class AB, Class B and 
Class C operation respectively. 


State one type of circuit for which 
each class of operation is suitable. 


CHAPTER III 


POWER SUPPLIES 


3:1 General outline. Electrical energy 
is required to operate all radio equip- 
ment. The original sources of this 
energy are called the primary sources. 
These sources utilize either chemical or 
mechanical energy and convert it into 
electrical energy. Examples of primary 
sources are batteries, composed of either 
primary or secondary cells, d-c genera- 
tors and a-c generators. The power 
supplied by these sources to the radio 
equipment is needed at two main voltage 
levels which are designated by the terms 
low tension (L.T.) meaning low voltage 
and high tension (H.T.) meaning high 
voltage. The L.T. power supply is 
mainly used to heat the cathodes of the 
valves while the H.T. power supply is 
used to apply d-c voltages to the anodes. 

The above supply voltages may be 
directly available from the primary 
sources. In most cases, however, it is 
necessary to change the voltage from 
the primary source to one of different 
magnitude or type or both before it is 
suitable for use in the radio equipment. 
Most of the methods commonly used for 
supplying the proper L.T. and H.T. volt- 
ages are summarized in the table on 
page 3:2. 

For equipments having a small power 
drain, for example small portable equip- 
ment, the H.T. is supplied from B 
batteries consisting of a number of dry 
cells in series and the L.T. is also sup- 
plied from primary cells. For portable 
equipment requiring a source which will 
deliver more power, secondary cells or 
batteries are useful. The voltage of a 
storage battery is suitable for L.T. 
directly but it is impractical to provide a 


sufficiently high voltage for H.T. by 
means of secondary cells alone because 
of the cumbersome bulk of a large 
number of cells connected in series. 
Consequently a dynamotor or a vibra- 
pack is used to convert the low battery 
voltage to a suitable high voltage. 

In most non-portable equipment the 
power is originally obtained from a-c or 
d-c generators. When d-c mains are used 
the voltage supplied is seldom at the 
proper level. The easiest way to change 
voltage level is to use a transformer. 
This necessitates changing the d-c to a-c 
before the voltage is stepped up or down 
to the desired values. The change from 
d-c to a-c may be made by means of a 
rotary converter or a motor alternator. 
After the d-c has been changed to a-e, 
the correct voltage for both the L.T. 
and H.T. is obtained by means of dif- 
ferent windings on a single transformer. 
Since the H.T. must be a d-c voltage, 
the high-voltage a-c is reconverted to 
d-c by means of a rectifier circuit. 

When a-c mains are used, the desired 
voltages are obtained from a transformer 
and the high voltage rectified as before. 

Although the phrase the power supply, 
as applied to radio equipment includes, 
in its widest meaning, all the equipment 
from the primary source until the volt- 
age is applied to the valves, it has taken 
on a more restricted meaning in referring 
only to the equipment which is installed 
in the radio set itself and is the last stage 
in providing the correct voltage for the 
valves. For example, in the case of the 
low-power portable equipment the power 
supply consists of the primary cells; but 
in the case in which the voltage goes 
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POWER SUPPLIES 


through the sequence, d-c mains to rotary 
converter to transformer and rectifier, 
it is only the equipment from the trans- 
former on that is commonly designated 
by the term the power supply. 


3.2 Half-wave and full-wave rectifica- 
tion. 


A. Rectifiers 


A rectifier is a device which is used to 
change an a-c current into a d-c current. 
Any device that conducts current better 
in one direction than in the opposite 
direction can be used as a rectifier. 
There are several types of rectifiers such 
as diode valves (either high-vacuum or 
gas-filled), metallic rectifiers, crystal rec- 
tifiers, electrolytic rectifiers and mechani- 
cal rectifiers. Of these, only the diode 


valves and the metallic rectifiers are used. 


in present-day power supplies. The hard 
or high-vacuum valve rectifier finds ap- 
plication in equipment where a small 
amount of power is needed or where an 
exceptionally high voltage is rectified. 
The soft or gas-filled valves are used 
when the H.T. power supply must be 
able to deliver larger amounts of power. 
Metallic rectifiers sometimes replace the 
hard-valve rectifiers in H.T. power sup- 
plies and are often used to provide a 
low-voltage d-c for relays. 


B. Half-Wave Rectification 


In a diode valve, current flows when 
the anode is positive with respect to the 
cathode. If an a-c voltage is applied 
across a diode valve, the above condition 
is true only during the positive half- 
cycles of the input a-c voltage. There- 
fore the a-c is changed into a pulsating 
direct current and rectification takes 
place. Since current flows only during 
one half of each input cycle, this type of 
rectification is called half-wave rectifi- 
cation. 

A simple half-wave rectifier circuit is 
shown in Fig. 3-1. The secondary of a 


320 


Electron flow 


A-c A pplied 
input voltage 
voltage Output 


Fic.3-1 A simple half-wave rectifier circuit. 


transformer is connected across a diode 
and a load resistor R in series. The a-c 
voltage from the transformer is called the 
applied voltage. At the beginning of a 
positive half cycle, some electrons are 
attracted from cathode to anode in the 
valve. Consequently a small current 
flows from ground through R, through 
the valve and back to ground through 
the secondary of the transformer. As 
the anode becomes more positive, the 
current increases until the peak of the 
positive half cycle is reached. As the 
voltage decreases, the current also de- 
creases, reaching zero when the applied 
voltage is again zero. This current pro- 
duces a positive pulse of voltage across 
R. During a negative half cycle, the 
current is zero since electrons cannot 
flow from anode to cathode. The output 
voltage is therefore a series of pulses, 
all in the same direction, occurring dur- 
ing every positive half cycle in the input 
a-c. 

The applied voltage, the current in the 
circuit and the output voltage across the 
load are shown graphically in Fig. 3-2. 


C. Full-Wave Rectification 


Full-wave rectification takes place when 
two or more rectifying elements are so 
arranged that a current flows through 
the load resistor in the same direction 
during both halves of an input a-c cycle. 
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F1q.3-2 Waveforms of voltage and current in 
a half-wave rectifier. 

The simplest form of a full-wave recti- 
fier circuit is shown in Fig. 3-3 (a) and 
(b). The cathodes of two diodes are 
joined and the load resistor is connected 
at one end to the cathodes and at the 
other end to the centre of the transformer 
secondary winding. The anodes of the 
valves are connected one to each end of 
the secondary winding. The centre tap, 
marked C on the diagram, is usually 
grounded and is taken as the reference 
point when discussing potentials at other 
points in the circuit. 

Fig. 3-3 (a) shows the conditions in the 
circuit during a positive half cycle of the 
input voltage and Fig. 3-3 (b) shows the 
conditions during a negative half cycle. 
During the positive half cycle 1, the 
end of the transformer marked A is posi- 
tive with respect to the end marked B. 
Since point C is between A and B, the 
anode of V; is positive with respect to C 
and the anode of V2 is negative. Conse- 
quentiy V, conducts and current flows 
from C through F through V, and back 
to C through the half of the secondary 
winding marked AC. This pulse of 
current through R causes a pulse of 
positive voltage to appear across_ it. 
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Since the anode of V2 is negative with 
respect to its cathode it does not conduct. 
During the following negative half cycle 
2, the voltages are reversed and Vez 
conducts while V, does not. Therefore 
during a negative half cycle current flows 
through the other half of the secondary 
winding BC and through # in the same 
direction as during the positive half 
cycle and consequently another pulse of 
positive voltage appears across R. 

The complete description of the action 
of the circuit is summarized graphically 
in Fig. 3-3 (c). The first graph shows the 
complete a-c secondary voltage from A 
to B. The second and third graphs show 
the applied voltage across V; and V2 
respectively using the point C as refer- 
ence point. The fourth graph shows that 
the output voltage across the load re- 
sistor R consists of a series of positive 
pulses at twice the frequency of the 
input a-c voltage. It should also be 
noticed that the amplitude of this volt- 
age is one-half the amplitude of the total 
secondary voltage. This occurs because 
only one-half of the secondary winding 
is used to provide the applied voltage 
when either valve is conducting. The 
full-wave rectifier is at a slight dis- 
advantage with the half-wave rectifier 
in this respect because it requires a 
transformer which has twice the secon- 
dary voltage as that required for a half- 
wave rectifier for a given rectifier output. 
For example, suppose a peak voltage of 
500V is required in the output of a 
rectifier. Neglecting voltage drop in the 
rectifier valve, a half-wave rectifier needs 
a transformer which delivers 500V peak, 
but a full-wave rectifier needs a trans- 
former with a 1000V peak secondary out- 
put since only 500V is applied across 
each half-of the full-wave rectifier circuit. 
This disadvantage is greatly offset by 
the fact that the full-wave rectifier sup- 
plies a more continuous current which is 
more easily smoothed out than the cur- 
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Fia.3-3 A simple full-wave rectifier circuit with voltage and current waveforms. 


rent pulses from the half-wave rectifier. 
Full-wave rectifiers are used almost ex- 
clusively in the H.T. power supplies of all 
amplifiers, radio receivers and trans- 
mitters. 

The circuit diagram of a simple full- 
wave rectifier as shown in Fig. 3-3 (a) 
is best for explaining the action of the 
circuit, but in actual practice the two 
diodes are usually included in one valve, 
a double diode, and the circuit appears 
as in Fig. 3-4. The points labelled, A, B, 
C and D correspond in both Figs. 
3-3 (a) and 3-4 so that the identity be- 
tween the two diagrams may be seen. 
The winding L, is used solely for heating 
the cathode of the valve. Lz is the high- 
voltage winding which supplies the a-c 
current to be rectified. The load resistor 
R may be connected to the middle of Li 
to prevent any additional variations in 
voltage which would be produced by the 
voltage drop across the cathode in a 


directly-heated valve. However, this is 
usually not worth the trouble and it is 
ordinarily connected to one side of the 
cathode. 

3.3 Filter circuits. The d-c outputs of 
the half-wave and full-wave rectifiers 
described in the previous section may be 
used directly for applications such as 
charging batteries or providing a direct 
current for relays in control circuits. 
However, the d-c outputs are far from 


oes 


F1a.3-4 A conventional full-wave rectifier circuit. 
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being smooth d-c, and consist of pulses 
of current which produce positive pulses 
of voltage across the load resistor. The 


il 
voltage has a value equal to = of the peak 


‘ ; 2 
value for half-wave rectification and = 


of the peak voltage for full-wave recti- 
fication. The variation in voltage above 
and below the average value is called 
ripple. In all radio equipment the H.T. 
power supply is used to apply a steady 
d-c voltage to the anodes of the valves 
and only a very small amount of ripple 
is permissible. Consequently the output 
of a rectifier must be smoothed out so 
that a steady d-c voltage, with very 
little ripple present, is applied to the 
valves. This is accomplished by means 
of filter circuits. Filter circuits in general 
consist of a capacitor or capacitors com- 
bined with inductors or resistors. The 
various types of circuits used to perform 
this filtering action are discussed in the 
following sections. 


A. The Simple Capacitor Filter 


This filter consists of a single capacitor 
which is connected in parallel with the 
load (Fig. 3-5). Briefly, the capacitor 
reduces the fluctuations in the output 
voltage because it is charged and there- 
fore stores up energy while the rectifier 
is producing its pulse, and gives up the 
energy again by discharging through the 
load between the pulses. In particular, 
consider what happens when the output 
of a half-wave rectifier is applied across 
this filter circuit. During the first posi- 
tive pulse, as the voltage rises, the capa- 
citor is charged up until the peak voltage 
is reached. The anode voltage then falls 
sinusoidaily but the cathode potential 
remains about the same due to the charge 
held on the capacitor. Thus the anode 
potential soon falls below the cathode 
potential and the valve stops conduct- 
ing shortly after the peak. The capacitor 
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Fr1c.3-5 A simple capacitor filter circuit. 


can then only discharge through the load 
resistor R. The rate of discharge de- 
pends on the RC time constant of the 
circuit. A large capacitance is chosen 
so that this time constant is long in com- 
parison with the period of the input a-c 
voltage. Thus the capacitor continues to 
discharge slowly through FR and the volt- 
age across the load falls very little during 
the negative half cycle. On the next 
pulse, when the anode voltage of the 
diode rises above the cathode potential, 
the valve again conducts and recharges 
the capacitor practically to the peak of 
the applied voltage. Then a new cycle 
begins and the process is repeated. The 
result is that an almost steady d-c volt- 
age, practically equal to the peak of the 
applied voltage, is maintained across the 
load. 

If the output of a full-wave rectifier 
is applied to this filter the fluctuations 
will be much more effectively smoothed 
out than for the half-wave rectifier. This 
is so because there is much less time in 
which the capacitor can discharge be- 
tween the pulses. Consequently the 
voltage does not fall as much before a 
new pulse occurs and recharges: the 
capacitor. As a result the d-c voltage 
across the load has less ripple remaining 
in it and also approaches the peak value 
of the applied voltage more closely than 
is the case with the output from a half- 
wave rectifier. This consideration indi- 
cates that the effectiveness of the filter 
depends on the frequency of the input 
voltage. The higher the frequency the 
less time there is between pulses and the 
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output from the filter has correspond- 
ingly less ripple. In addition a smaller 
capacitance can be used with higher 
frequencies since the time constant of 
the filter circuit does not need to be as 
long. For this reason the input a-c to 
many sets designed for the Naval Ser- 
vice is 500 c/s rather than the usual 60 
or 25 c/s encountered on shore. 

The action of the capacitor filter is 
shown graphically in Fig. 3-6 (a) and 
(b), the waveforms for the half-wave 
rectifier and the full-wave rectifier being 
shown in (a) and (b) parts respectively. 
The dotted waveform represents the in- 
put voltage to the filter from the rectifier 
and the solid curve represents the voltage 
across the capacitor and load. At point 
A the capacitor has been charged to the 
peak of the applied voltage. The anode 
voltage then falls rapidly as shown by 
the dotted waveform and the valve stops 
conducting. The capacitor then dis- 
charges through FR and the voltage falls 
slowly until point B is reached. At this 
instant, time ¢,; on the graph, the rising 
anode voltage is equal to the capacitor 
voltage, i.e. the cathode potential, and 
the valve begins to conduct. Current 
continues to flow through the valve until 
time f, point C on the graph, when the 
anode voltage again falls below the 
cathode voltage and the capacitor can 
only discharge through R. The process 
is again repeated at points D and E and 
the output from the filter is seen to be a 
d-c in which the fluctuations have been 
very much reduced. It should also be 
noticed that since the time from A to B 


and from B to C are both shorter in’ 


graph (b) than graph (a) that the voltage 
output from the filter having a full-wave 
rectifier input is smoother and slightly 
higher than that having a half-wave rec- 
tifier input. 

One of the characteristics of this type 
of filter is that it causes the rectifier 
valve to conduct heavily for only a short 
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Fic.3-6 Capacitor-filter voltage and current 
waveforms. 


time during each cycle. During this 
time the valve must carry sufficient 
current to maintain the current through 
FR and also recharge the capacitor to the 
peak of the applied voltage. Thus the 
peak current through the valve is very 
much larger than the average load cur- 
rent through R. Care must be taken to 
ensure that this peak current does not 
exceed the peak current rating of the 
valve. For a given load resistor the size 
of the peak current is controlled by the 
size of C. If C is large the capacitor 
voltage falls very little between the 
pulses because of the long time constant, 
but if C is small the voltage falls con- 
siderably. For this reason the large 
capacitor loses more charge than the 
small capacitor during the same period. 
Fig. 3-7 aids in the explanation of this 
fact. 

In Fig. 3-7 (a) the dotted curve repre- 
sents the output voltage of a rectifier 
across a pure resistance load, i.e. with no 
filter. The solid curve A represents the 
voltage across 2 when a large filter capa- 
citor is used and curve B represents that 
for a smaller capacitor. The valve 
conducts only during the time that the 
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Fiq.3-7 The effect of the size of the filter capa- 
citor on the output of a capacitor filter. 


applied voltage is greater than the volt- 
age of the capacitor. This occurs be- 
tween times A, and A, in Fig. 3-7 for a 
large capacitance and between times B, 
and B, for the smaller capacitance. The 
time A, Ag is shorter than the time B, By. 
Thus for the large capacitance the valve 
must replace more charge in a shorter 
space of time than for the small capaci- 
tance and therefore the peak current is 
higher, Fig. 3-7 (b). The practical result 
of this is that in choosing the capacitance 
of a capacitor for a filter a compromise 
must be made between the amount of 
ripple in the output and the peak cur- 
rent through the valve. _ 

After the capacitor is chosen for a 
filter the percentage ripple depends only 
on the size of the load resistance. If this 
resistance becomes less, more current is 
drawn from the supply and the time 


oH 
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By 
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constant of the capacitor and load be- 
comes smaller. Consequently the capaci- 
tor discharges more completely during 
each cycle as shown in Fig. 3-7 (a). Thus 
in a capacitor filter the amount of ripple 
increases with increased load current 
drawn from the supply. In addition, 
since the effective d-c voltage is mid-way 
between the upper and lower variations 
of the ripple voltage, the output voltage 
of the filter is lower when the ripple is 
greater, Fig. 3-7 (a). Thus drawing a 
greater load current not only increases 
the ripple but also lowers the filter out- 
put voltage across the load. 

Besides the above physical explana- 
tion of capacitor filtering it is interesting 
and valuable to understand the action 
of this filter from a mathematical view- 
point. A mathematical analysis of the 
pulsating direct current output of a recti- 
fier shows that it may be considered to be 
made up of a steady d-c component and 
an a-c component as shown in Fig. 3-8. 
The a-c component is not a pure sine 
wave. Ana-c which is not a pure sine wave 
consists of a sine wave at a certain funda- 
mental frequency combined with sine 
waves at higher frequencies which are 
multiples of the fundamental and are 
called harmonics. In the ouput of a 
rectifier, the fundamental a-c frequency 
is called the ripple frequency. In a half- 
wave rectifier the ripple frequency is the 
same as that of the input a-c and in a 
full-wave rectifier it is twice the input 
frequency. When the output of the 
rectifier consisting of a direct current and 
many a-c components is applied across 
the capacitor and resistor in parallel the 
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Fic.3-8 The components of a varying d-c voltage. 
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d-c can only flow through R but the a-c 
can flow through either C or R. The 
capacitance of C is chosen so that it 
provides a path for the a-c of low imped- 
ance compared to R. Consequently very 
little a-c voltage is developed across R 
and thus the capacitor has prevented the 
ripple from appearing across R or in 
other words it has filtered the a-c from 
the output. 

One of the advantages of this mathe- 
matical approach is that the amount of 
ripple remaining in the output may be 
stated exactly. It is usually expressed as 
a percentage and is equal to 

r.m.s. value of the ripple voltage ..199 
output d-c voltage 

This is a measure of the effectiveness 
of the filter. The percentage ripple in a 
power supply used with c-w transmitters 
may be as high as 5%. For receivers and 
transmitters used for r-t the percentage 
ripple must be of the order of .25%. A 
higher percentage ripple than this results 
in a steady hum at the ripple frequency 
in loudspeakers and earphones. 

It is possible to calculate the relative 
a-c impedances of the load resistor and 
the filter capacitor and therefore obtain 
an estimate of the amount by which the 
ripple is reduced by a filter. For example, 
in a full-wave rectifier the fundamental 
ripple frequency is 120 c/s, C = 16uF, 
R = 50002. 

Impedance of C is 


1 
he 
2mfc 
106 
Bs og 5 
23.14 120 x 16 
= 90 


.. impedance of C is approximately 900. 
Therefore the a-c impedance of the out- 
put with no filter is 5000Q and the a-c 
impedance of the output with the filter 
is very nearly 902. Therefore the a-c 
voltage developed across the load with 


the filter present is ,8%5 or approxi- 
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Fic.3-9 A simple inductor filter circuit. 


mately 4, of the a-c voltage developed 
with no filter present. 

Thus the addition of the filter reduces 
the ripple voltage to 4, of its former 
value. 

B. The Simple Inductor Filter 

The simplest inductor filter consists 
of a single inductor connected in series 
with the load resistor as in Fig. 3-9. 
Since an inductor opposes any change 
in the magnitude of the current flowing 
through it, it reduces the fluctuations 
in the pulsating current produced by the 
rectifier. This action may be considered 
in slightly more detail as follows. When 
the current through the inductor in- 
creases, a magnetic field is built up around 
it. When this occurs, two things happen. 
First a back e.m.f. is produced which 
prevents the current from rising as much 
as it normally would; and secondly, 
energy is stored up in the magnetic field. 
After the rectifier current reaches its 
peak and starts to decrease, the mag- 
netic field falls, thereby supplying energy 
to the circuit. The forward e.m.f. pro- 
duced by the falling magnetic field keeps 
the current from falling as rapidly as it 
would if no inductor was in the circuit. 
Thus it may be seen that the current 
cannot either rise or fall as rapidly when 
the inductor is in series with the load, 
and thus the ripple in the output is 
reduced. The larger the inductance used 
in the filter the better will be the smooth- 
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I’1q.3-10 Inductor-filter voltage and current 
waveforms. 
ing action. However, there is a practical 
limit to the size of inductance which can 
be used since the d-c resistance of the 
inductor winding is excessive if it has 
very large inductance and the JF drop 
in this resistance lowers the output volt- 
age across the load. 

The graphs in Fig. 3-10 (a) and (b) 
show the effect produced on the load 
current by the inductor filter when it is 
used with a half-wave rectifier and a 
full-wave rectifier respectively. The 
dotted curves represent either the volt- 
age input to the filter from the rectifier 
or the load current with a pure resist- 
ance load. The solid curves represent the 
load current when the inductor filter is 
present. Since the current never rises 
to the peak value that is reached without 
the inductance, the output voltage also 
does not reach the peak of the applied 
a-c. Consequently the output voltage 
from a rectifier is lower with an inductor 
filter than with a capacitor filter. How- 
ever the inductor filter has several advan- 
tages against this disadvantage. Increas- 
ing the icad current has little effect on 
the amount of ripple in the output and 
therefore an increase in load has much 
less erect on the output voltage in an 
inductor filter than in a capacitor filter. 
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In addition there is no problem of a peak 
current through the valve since the cur- 
rent through the valve also flows through 
the inductor and the load. For these 
reasons an inductor filter is used wherever 
a large current drain is needed from the 
power supply. 

As in the case of the capacitor filter, 
the action of the inductor filter may be 
considered from a mathematical view- 
point. The action depends on the rela- 
tive impedances of the inductor and 
resistor to the d-c and a-c components 
of the rectifier output. As far as the d-c 
is concerned, the inductor offers very 
little resistance and most of the d-c 
voltage appears across the load resistor. 
However, in the case of the a-c the in- 
ductor offers a higher impedance than 
does the resistor and consequently more 
a-c voltage is developed across it than 
across the load. Since the inductor stops 
or chokes the ripple voltage from appear- 
ing across the load, inductors which are 
used in filter circuits are commonly 
called chokes. A numerical example will 
show the effectiveness of this type of 
filter. Suppose a 20H choke is con- 
nected in series with a 5000Q load in 
the output of a full-wave rectifier whose 
input frequency is 60 c/s. 


Ripple frequency = 120 c/s 

Also X, = 2n0fL 
= 2X3.14120X20 
= 15,000 


. impedance of the choke is 15,0009. 


Therefore for a given ripple voltage 3 
of the a-c voltage appears across L and 
4 Of the a-c voltage appears across R. 
Therefore the ripple has been reduced to 
4 Of its initial value in the output. 

This shows that a very large inductance 
is necessary if good filtering is to be 
obtained. 
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C. Inductor-Capacitor Filters 


If good filtering is required, the use of 
a capacitor or an inductor alone in a 
filter circuit is not practical because of 
the large capacitance or inductance which 
is needed. The disadvantages resulting 
from using large values of capacitance or 
inductance are discussed in the previous 
sections. To provide good filtering with 
practical sizes of these components 
various combinations of inductors and 
capacitors are used. 


1. Cuoxe-InpuT FILTER. 


The simplest combination filter con- 
sists of an inductor in series with the 
load and a capacitor in parallel with the 
load. This is known as a choke-input or 
inductor-input filter (Fig. 3-11) since the 
inductor is the first element of the filter 
following after the rectifier. The in- 
ductor prevents changes in current 
through the load and the capacitor 
smooths out voltage variations across the 
load. The combined action of these 
components eliminates the ripple to a 
great extent. 

The amount of reduction in ripple 
voltage by this type of filter may be 
estimated by the impedances in the cir- 
cuit. For example, if the input to the 
filter of Fig. 3-11 has a ripple frequency 
of 120° c/s, L = 10H and C = 8yF 
then X, = 2afL 
23.14 120 x 10 
+ 7540 
pee 
»  oRtC 


and: Xo 
1 
6.28 x 1208 x 10° 
10° 
6.28 X 128 


= 166. 


Therefore the inductive reactance is 7540 . 


ohms and the capacitive reactance is 166 
ohms at the ripple frequency. The re- 
actance of L is about fifty times that of 
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Fia.3-11 Choke-input filter circuit. 


C. Therefore about 98% of the a-c 
voltage in the circuit appears across the 
inductor and only about 2% remains 
across the capacitor and load. Thus the 
ripple voltage in the output is reduced to 
sy Of its value in the input to the filter, 
with much smaller values of inductance 
and capacitance than were used in the 
simple inductor or capacitor filter. 

In choke-input filters the inductor- 
filter properties predominate. Thus the 
voltage output is much lower than the 
peak value of the applied a-c, the peak 
current through the valve is not exces- 
sive and the percentage ripple in the 
output is nearly constant with increasing 
load. If very good filtering is necessary 
another inductor and capacitor may be 
added as in Fig. 3-12. L, and C, form 
the first section and L. and C, the second 
section of the filter. Because of its 
shape, each section is called an inverted-L 
section. The whole filter is thus called a 
double inverted-L section filter. The action 
of the second section of the filter is 
similar to the action of the first section. 
A large percentage of the ripple voltage 
left across C; is developed across Lp, 
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TV'rqa.3-12 Double inverted-L section filter. 


3:12 FUNDAMENTALS OF RADIO 


Input 


to filter | | 
o— 


Fic.3-13 Capacitor-input filter circuit. 
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This leaves only a small fraction of the 
ripple voltage across C; to appear in the 
output voltage across C2. Suppose that 
each section reduces the ripple voltage 
to 2% of its value in the input. Thus 
only 2% of the original ripple voltage 
appears across C; and only .04% of the 
original ripple voltage appears across C2. 
If necessary, filtering may be made more 
complete by adding more sections. How- 
ever each additional section causes a drop 
in the output voltage because of the /R 
drop across the inductor. 

2. Capaciror-INPuT FILTER. 

A filter having a capacitor as its first 
component is called a capacttor-input 
filter. Fig. 3-13 shows a commonly used 
combination capacitor-input filter. It 
consists of an input shunt capacitor, a 
series inductor and a capacitor across the 
load. From its shape it is called a 
m-section filter. 

The action of the circuit may be under- 
stood by considering the impedances pre- 
sented to the a-c and d-c components of 
the input by the various branches. The 
d-c can only flow through L and R. The 
resistance of the windings of L is very 
low so that practically all of the d-c 
voltage appears across R. For the a-c 
however, the inductance offers a high- 
impedance and the capacitance a low- 
impedance path. Consequently a large 
proportion of the a-c is shunted by the 
capacitor C;. The small amount of a-c 
which flows through the inductance is 
again confronted by a high-impedance 
path through the load and a parallel low- 


¥rq.3-14 a-section filter with additional inver- 
ted-L section. 


impedance path through C». Conse- 
quently very little a-c flows through R& 
and there is very little ripple in the out- 
put. The input capacitor may be smaller 
in the z-section filter than in the single- 
capacitor filter and this reduces the 
danger of excessive peak currents through 
the valve. If additional filtering is 
necessary an inverted-L section may be 
added to the circuit as in Fig. 3-14. As 
before, the output voltage is reduced by 
the JR drop in the additional choke. 
Consequently this addition is made only 
when absolutely necessary. 

In a capacitor-input filter, the proper- 
ties discussed under capacitor filtering 
predominate. The output voltage ap- 
proaches the peak value of the applied 
a-c, the peak current through the valve 
is high during the short conducting 
period and the ripple voltage increases 
with increased load current. 


D. Resistor-Capacitor Filter 


In capacitor-input filters, a resistor is 
sometimes used instead of an inductor 
(Fig. 3-15). The action of such a circuit 
is exactly the same as that of the capaci- 
tor-input filter previously described. The 
main advantage resulting from the use 
of a resistor is the saving in money and 
space. However the use of this type of 
filter is limited by two considerations. 
First, the resistor is not as effective as 
the inductor in reducing the ripple. 
Secondly, the circuit may not be used 
when even a medium load current is 
required because the large JR drop 
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Fiac.3-15 m-section resistor-capacitor filter. 


across f, lowers the output voltage 
across Rp. 

The resistor-capacitor filter is used in 
the power supplies of oscilloscopes and 
cheaper makes of commercial a-c d-c 
receivers where a small amount of ripple 
is permissible and the load current is 
small. Aside from its application in 
power supplies it is often used as a 
decoupling network to prevent feedback 
from one stage of an amplifier to the 
previous ones through the anode circuit. 
It is also employed as a filter to keep 
the screen grid of a pentode at a con- 
stant potential. 


E. Voltage Regulation 


When the load current drawn from a 
power supply is increased, the output 
voltage usually falls. The constancy of 
this d-c voltage for varying values of 
load current is called the regulation of 
the power supply. Thus a power supply 
which undergoes a large drop in output 
voltage when the load current is increased 
is said to have poor voltage regulation. 
This fall in voltage is caused partly by 
the increased /R drop in the transformer 
winding, the anode resistance of the 
valve and in the choke coil of the filter 
and partly by the characteristics of the 
particular type of filter circuit being 
used. 

For the purpose of comparing different 
power supplies, the drop in voltage for a 
certain specified change in load current 
is indicated by a number called the 
percentage regulation. This figure is ob- 
tained by expressing the change in volt- 
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age as a percentage of the initial voltage. 
Percentage regulation is equal to 


E,—E, 


i 


x 100 


where 


E, = the no-load voltage in volts 
E, = the full-load voltage in volts. 


The graphs in Fig. 3-16 show how the 
output voltage varies for different -load 
currents when capacitor-input and in- 
ductor-input filters are used with a full- 
wave rectifier. 

The capacitor-input filter produces a 
d-c voltage output at no load which is 
practically equal to the peak value of 
the input a-c. As the load current is 
increased however the d-c output voltage 
steadily decreases. This is due not only 
to the /R drops in the circuit but also 
to the fact that the capacitor must dis- 
charge more completely to supply a 
larger load current. Thus, a capacitor- 
input filter has poor regulation. This 
type of filter may be used for small 
loads such as are found in receivers or 
for a constant load. The decrease in 
output voltage with increasing load cur- 
rent may be reduced by increasing the 
capacitance. However this may result 
in an excessive peak current through the 
valve during the charging of the larger 
capacitor. 

The inductor-input filter also produces 
under no-load conditions a d-c voltage 


Capacitor input filter 


mar 


Output voltage (volts) 


Load current (mA) — 


Fia.3-16 Regulation curves for eapacitor-input 
and choke-input filters. 
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output which is nearly equal to the peak 
value of the a-c input. However, as the 
load current increases, the output volt- 
age drops quickly to a point beyond 
which the output voltage levels off. The 
current drawn by the load at this point 
is called the critical current. For currents 
greater than the critical current further 
slight decreases in output voltage are 
caused only by the increased JR drops 
in the circuit. Thus good regulation is 
obtained for loads greater than the criti- 
eal current. For a given load, the larger 
the inductance the more quickly the 
critical current is reached. In practice a 
load resistor is placed across the output 
terminals of the choke-input filter. This 
resistor is the correct size to cause the 
critical current to flow in it at all times. 
This prevents the output voltage from 
rising, if the external load current is small, 
and putting too great a voltage on the 
filter capacitors. With this method fairly 
good regulation is obtained for varying 
values of external load current. 

If good regulation is required over a 
wide range of load current, a swinging 
choke is very useful. Such a choke has 
high inductance with small d-c load cur- 
rents and a much lower inductance with 
large direct currents due to partial satura- 
tion of the core. This property is valu- 
able in producing good regulation for the 
following reasons. In a choke-input filter 
the larger the inductance, the smaller is 
the critical. current. However, with a 
small inductance the choke-input filter 
partially assumes the properties of a 
capacitor-input filter and the output 
voltage rises. Thus the swinging choke 
provides good regulation because with 
small load currents the inductance is 
high, the critical current. is very small 
and therefore the output voltage is pre- 
vented from rising rapidly. With iarge 
load currents the inductance decreases, 
the filter begins to assume the prop- 
erties of a capacitor-input filter and 
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the output voltage rises sufficiently to 
counteract the fall in voltage caused by 
the JR drops in the circuit. Thus a 
swinging choke keeps the output volt- 
age quite constant over a wide range of 
load currents. 

The construction of a swinging choke 
is similar to an ordinary a-f choke except 
that the core has a very small air gap 
or no air gap at all. This fact causes the 
inductance to be greater for the same 
physical size as an ordinary choke when 
little d-c current is drawn but causes the 
core to saturate more easily and there- 
fore lower the inductance when larger 
d-c currents are drawn by the external 
load. 


F. Location of the Inductor 


A series inductor such as is used in the 
filters described above may be placed 
either in the grounded lead or in the lead 
which is off ground. Two factors, arising 
from the fact that the iron core of this 
inductor is usually grounded, must be 
considered. They are: 

(i) the distributed capacitance from turns 
to ground 

(ii) the insulation between the turns and 
ground. 

Suppose the inductor is placed in the 
lead which is off ground. In Fig. 3-17 (a) 
it may be seen that the distributed 
capacitance is shunted across the line 
and assists in the filter action. On the 
other hand the insulation between the 
turns and the core must be strong enough 
to prevent breakdown due to the high 


Distributed 
capacitance 


(a) (b) 


Fi1c.3-17 Effect of location of inductor in the 
H.T. or ground line. 


POWER SUPPLIES 


voltage of the power supply. In a large 
supply this may prove expensive. 

Suppose the inductor is placed in the 
grounded lead, Fig. 3-17 (b). In this case 
the distributed capacitance shunts across 
a portion of the filter inductor and acts 
to hinder the filter action since it reduces 
the impedance of the inductor. However, 
there is little voltage drop between the 
coils and ground and little danger of 
breakdown of insulation even in a high- 
voltage power supply. 


G. Resonance Effect in a Filter Circutt 


This effect may occur in a choke-input 
filter where the first inductor and the 
first capacitor are in series across the 
output of the rectifier circuit. If they are 
in resonance at the ripple frequency an 
acceptor circuit is formed which passes 
a very high current. This current causes 
a large voltage at the ripple frequency to 
appear across the capacitor. Thus the 
ripple is increased and the effect is 
opposite to that desired in filtering. The 
rectifier valves may be damaged either 
by the large peak current or by the large 
inverse voltage produced. Since the 
resonant frequency in a series circuit 
~ depends on the product LC, the induc- 
tance and capacitance must be chosen to 
have a product of at least twice the value 
for resonance at the ripple frequency to 
prevent resonance effects. 

3.4 Voltage dividers. Most power sup- 
plies have a resistor connected across the 
output terminals in parallel with the 
load. There are three main reasons why 
this is done and the resistor is named 
according to the principal reason for 
which it is being used. If it serves the 
purpose of discharging the filter capaci- 
tors after the rectifier has been turned off 
it is called a bleeder resistor. If it is used 
at the output of a choke-input filter to 
draw the critical current and therefore 
improve the voltage regulation it is 
called a load resistor. If the resistor is 


A +300V +150V 


+100V 


(a) (b) (c) 


Fic.3-18 (a) Simple voltage divider (b) and 
(c) Effect of changing position of ground. 


tapped at several points to provide a 
variety of voltages which are less than 
the total output voltage it is then called 
a voltage dwider. In most cases a resistor 
placed across the output terminals of a 
power supply fulfils more than one of 
these functions. However, if it serves 
as a bleeder resistor only, it usually has a 
very high resistance so that it draws very 
little current and therefore does not 
waste power. If it is used as a load 
resistor, it is designed to draw about 10% 
of the full load current and the proper 
wattage rating must be allowed for. A 
load resistor may also be used very con- 
veniently as a voltage divider. A simple 
voltage divider is shown in Fig. 3-18. 
An example of the method of calculating 
the size of resistors needed to provide 
certain voltage outputs is given in the 
following paragraphs. 

Suppose a rectifier power supply is 
designed to deliver 200mA to a load at a 
voltage of 300V and in addition voltages 
of 250V and 150V are to be tapped from 
a voltage divider as shown in Fig. 3-18 (a). 
The voltage divider is divided into three 
sections to provide the other two volt- 
ages. The resistance of the whole 
voltage divider is first found and then 
it is divided into the parts Ri, Re, R; to 
provide the correct voltages. The volt- 
age divider is chosen so that about 10% 
of the total load current flows through it. 
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Thus for an output of 200mA the cur- 
rent through it is about 20mA and the 
total resistance is 
E 300 
B= 7 ~ 20xK107 

or 15,000 ohms. Since the voltage drop 
from A to B is 50V or i of the total 
voltage, then R, is + of 15,000 or 2,500 
ohms. Another drop in voltage of 100V 
or 4 of the rectifier output voltage 
appears across Re, therefore Re is 3 of 
15,000 or 5,000 ohms. Since R; has a 
voltage drop across it of 150V, which is 
1 of the output, its value is 7500 ohms. 
These output voltages of 250V and 150V 
are obtained only if no current is drawn 
from the taps at B and C but they are 
independent of the load current drawn 
at A provided the power supply has 
good regulation. This method is used to 
supply bias voltages in circuits where no 
current is drawn from the source. In 
this connection, the position of ground 
may be taken at any point on the volt- 
age divider provided there is no other 
ground in the circuit. In this way various 
potentials above and below ground are 
obtained as shown in Fig. 3-18 (b) 
and (c). 

If it is desired to supply 250V and 
150V to loads which draw current, then 
Ri, R. and R; must be recalculated, 
since with the previous sizes of Ri, Re 
and fk; the voltages at B and C change 
when current is drawn. If a load L, 
draws a current of 50mA from the 250V 
tap and a load L, draws a current of 
10mA from the 150V tap (Fig. 3-19) and 
the bleeder current with full load is 
20mA then the new values of R;, R, and 
R; are calculated as follows. If the 
bleeder current is 20mA then the current 
in R3 is 20mA, therefore R; = 43° x 1000 
= 75002. Since 10mA is drawn from 
point C therefore the total current through 
Ris 30mA and Ry = 42° 1000 = 3333 
ohms. Similarly the total current through 
R, is 80mA and R,; = §° 1000 = 625Q. 
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Fic.3-19 Voltage divider showing the effect of 
loads on the voltage division. 


The values of R,, Re and R3 are then 
625, 3333 and 7500 ohms respectively 
to give output voltages of 250V and 
150V at the two taps for the specified 
currents. 

In choosing a resistor for a voltage 
divider, the power to be dissipated in the 
resistor must be known. In the above 
case, R, is 625 ohms and has 80mA flow- 
ing in it. The power dissipated is then 


P= PR = (80X10-’)?X625 = 4W. 


To provide a margin of safety, a 
resistor capable of dissipating at least 
double the power is always chosen, conse- 
quently FR, is a 10-watt resistor. Simi- 
larly Re and R; each dissipate 3 watts 
under normal load conditions and there- 
fore they also are 10-watt resistors. 


3.5 A receiver power supply. In Fig. 
3-20 a receiver power supply for use 
with smaller receivers is shown. The 
power transformer is supplied from the 
a-c mains through the on-off switch S,. 
There are three secondary windings in 
this transformer and in some cases there 
may be more. The centre winding is 
the H.T. winding, centre-tapped for full- 
wave rectification. The other two wind- 
ings are filament windings, one for the 
rectifier valve and one for the valves in 
the receiver. The rectifier valve usually 
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E 6.3V a-c 


Fic.3-20 A conventional receiver power 
supply. 
requires a separate winding for its fila- 
ment because of the large current drain 
of about 2A. Since the other receiver 
valves only require about 0.3A they can 
be supplied by one winding. 

The capacitance of the input capacitor 
C; in the 7-section filter is usually about 
4uF as compared to 8uF for the output 
capacitor C,. The input capacitance is 
frequently smaller to avoid peak currents 
that are too high for the valve. The size 
of the inductance is usually between 20 
and 30H. The field coil of a dynamic 
speaker is often made to act as this 
inductor. In that way two requirements 
are filled at the same time; the current 
from the rectifier is filtered by the in- 
ductance of the coil and also this current 
produces the magnetic field for the 
speaker. The above sizes of filter com- 
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ponents are typical for a ripple frequency 
of 120 c/s. However, for any other 
ripple frequency the size may be multi- 
plied by the factor 120/f where f is the 
frequency. 

In this circuit a bleeder resistance FR, is 
connected across the output of the power 
supply. Its function in this circuit is to 
allow C; and C, to discharge when the 
supply is turned off. If R, is not in the 
circuit, C,; and C, retain their charges 
for a considerable time and are dangerous 
to handle even if the switches are off. 

Typical outputs of receiver power sup- 
plies with 7-section filters are as follows. 
With a centre-tapped transformer secon- 
dary voltage of 425-0-425V r.m.s:, the 
voltage output is usually about 400V 
d-c with a current drain of about 170mA. 
When the transformer voltage is 300V 
r.m.s. on each side of the centre tap, the 
output voltage obtained is about 275V © 
with a current drain of 120mA. 

The circuit of Fig. 3-21 shows a power 
supply suitable for use with larger re- 
ceivers requiring up to 200mA at 325V. 
The voltage and circuit component values 
are shown throughout the circuit. There 
are several additional features in this 
power supply which possibly need ex- 
plaining. 

(i) First, this circuit. shows an example 
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Fig.3-21 Power supply suitable for larger receivers. 
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of graded filtering in which the H.T. to 
the amplifier stages with low power level 
is better filtered than the H.T. to the 
later or high-power stages. The earlier 
stages of amplification need a very smooth 
H.T. since any hum is greatly amplified 
by each succeeding stage. In this circuit 
they are supplied by the 325V output in 
which the hum has been reduced by an 
additional filter stage. However, the 
425V taken after the first stage of filter- 
ing is smooth enough for use with a 
push-pull amplifier output stage. Tak- 
ing the 425V output after Li; saves power 
because less current flows through the 
higher resistance choke ZL. In addition, 
a higher voltage is obtained for the power 
stage while still using the same power 
supply. 


(ii) Second, the reason for using C, 
and C2, two 8uF capacitors in series 
rather than one 4uF capacitor is that the 
capacitor in this position must be able to 
withstand a peak voltage of approxi- 
mately 600V. Since standard capacitors 
are manufactured to withstand only 
450W.V., it is cheaper to use two stan- 
dard 8uF capacitors in series giving 
4uF which will withstand 900V rather 
than to install a specially constructed 
4uF capacitor to withstand this voltage. 


(ii) Third, the capacitor C; is needed 


A-c 


input 
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to by-pass any r-f, which may get into 
the filament circuit, to ground. 

3.6 Bridge rectifiers. In the full-wave 
rectifier described in section 3.2 C it is 
necessary to have a transformer with a 
secondary capable of developing a maxi- 
mum voltage at least twice as large as 
the desired d-c voltage output. Trans- 
formers capable of a very high voltage 
output are expensive. The use of an 
expensive transformer is eliminated by 
the use of a bridge rectifier because its 
voltage output approaches the peak volt- 
age of the entire transformer secondary. 
In addition, the bridge rectifier makes 
use of the full voltage cycle and there- 
fore it combines the advantages of the 
full-wave and the half-wave rectifier. 

A circuit of this type of rectifier 
is shown in Fig. 3-22. The action of 
the circuit may be described as follows. 
During the half cycle when the upper 
end A of the transformer secondary is 
positive with respect to the lower end B, 
V, and V4 conduct while V, and V3; are 
cut off. Consequently electrons flow 
from B, through V4, the load resistor 
and V, to A and back to B through the 
transformer secondary. The path is 
indicated by the solid arrows on the 
diagram. During the other half cycle, B 
is positive with respect to A. In this 
case V,; and V4 are cut off and the con- 
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Fig.3-22 A bridge rectifier circuit. 
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Fia.3-23 Bridge rectifier circuit showing fila- 
ment connections. 


ducting path is through V3, the load and 
Vz as indicated by the dotted arrows on 
the diagram. In either case the electrons 
move from E to F through the load and 
therefore the load resistor voltage always 
has the same polarity as marked in the 
diagram. The magnitude of the voltage 
across the resistor is almost equal to the 
voltage applied by the whole transformer 
secondary. 

In the diagram it may be seen that the 
cathodes of only two valves, V; and V2, 
are at a common potential. Because of 
this fact, a common filament winding as 
used in other types of rectifiers cannot 
be used in this case to heat all four 
cathodes. Consequently, it is necessary 
to use three separate windings in the 
case of directly-heated cathodes and it is 
desirable to do so with indirectly-heated 
cathodes. In the latter case, if three 
separate windings are not used, a large 
voltage drop exists between the cathode 
and the heater in two of the valves and 
there is a possibility of insulation break- 
down. Fig. 3-23 shows a wiring diagram 
for the same bridge circuit having the 
appropriate filament connections. 7 is 
the H.T. transformer and Ty is the fila- 
ment transformer. 

In a bridge rectifier the ripple fre- 
quency, the peak current through each 
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valve and the average current through 
each valve are the same as for a full-wave 
rectifier. The only disadvantages of the 
bridge rectifier are that it is more expen- 
sive and occupies more space because 
two extra valves are needed to produce 
the same output as a full-wave circuit 
and extra filament voltage supplies: are 
needed. 

One of the main advantages of the 
bridge rectifier circuit is that it produces 
the lowest peak inverse voltage across 
the valves of any of the three main 
types. The peak inverse voltage is the 
maximum voltage appearing across the 
valve when it is non-conducting, i.e. 
when the anode is negative with respect 
to the cathode. In the simple half-wave 
rectifier the peak inverse voltage is equal 
to the peak of the a-c from the trans- 
former secondary. If, however, a capaci- 
tor filter is placed across the load, then 
the inverse voltage is equal to the voltage 
held on the capacitor plus the voltage 
across the secondary or very nearly 
twice the peak of the applied a-c (Fig. 
3-24). The peak inverse voltage in a 
full-wave rectifier is the same as that in a 
half-wave rectifier for the same voltage 
output, since each half of the circuit is a 
half-wave rectifier operating at half the 
total voltage across the secondary which 
is twice that in a single half-wave recti- 
fier for the same output voltage. In a 
bridge rectifier, however, the output 
voltage is very nearly equal to the total 
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I'ig.3-24 Waveforms illustrating peak inverse 
voltage with a capacitor-input filter. 
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secondary voltage as in a half-wave recti- 
fier, Thus the peak inverse voltage is 
equal to the peak secondary voltage or 
twice this with capacitor filtering. How- 
ever it is divided equally between the 
two non-conducting valves in series and 
therefore the inverse voltage appearing 
across each valve is only one-half that 
experienced by a valve in a half-wave or 
a full-wave rectifier for the same output 
voltage. 

3.7 Metallic rectifiers. Another device 
which permits current to flow in one 
direction better than in the other is a 
metal rectifier. The three main types of 
metal rectifiers are copper oxide, selenium 
and copper sulphide. 

The action of the copper-oxide rectifier 
depends on the property of copper in 
contact with a thin coating of cuprous 
oxide to conduct current much more 
freely from the metal to the oxide than 
in the reverse direction. The action of 
the selenium rectifier depends on the fact 
that a thin film of selenium on a surface 
of iron presents a large resistance in one 
direction and a small one in the other. 
The copper sulphide rectifier is assembled 
from disks of copper sulphide and 
magnesium. The circuit symbol for a 
metal rectifier is shown in Fig. 3-25. 
The arrow points opposite to the direc- 
tion in which electrons flow more freely 
through the rectifier. 


A single element of a copper-oxide 
rectifier cannot withstand a high voltage. 
If a high voltage is applied, the thin 
copper-oxide coating may be broken 
down. Even if the coating does not 
break down, excessive currents flow due 
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Frq.3-25 Circuit symbol of a metal rectifier. 
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F1c.3-26 Cross-section of a complete metal 
rectifier unit. 


to the small resistance and a large amount 
of heat is developed. This heating 
impairs the efficiency of the rectifier by 
making the resistance to current flow 
almost the same in both directions and 
may even cause chemical changes in the 
rectifier which result in permanent 
damage. This means that there is a 
definite upper limit to the voltage which 
may be applied to a rectifier of this type. 
In order that the voltage which may 
be applied to the rectifier may be raised, 
a number of copper plates coated with 
copper-oxide on one side are used in 
series to form a rectifier unit (Fig. 3-26). 
These plates are fastened together by a 
bolt through the centre having around it 
an insulating sleeve so that the plates 
are not shorted by the bolt. The plates 
are separated by means of conducting 
lead washers. The plates protrude beyond 
the lead washers like fins in order to 
permit efficient heat radiation for cooling 
of the rectifier unit. The soft-lead washer 
also provides uniform contact between 
adjacent plates. The current and voltage 
output of circuits using metallic-oxide 
rectifiers are limited by the number and 
area of the plates in the rectifier unit. 
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Fi1a.3-27 Effect of a-c voltage on a metal recti- 
fier circuit. 


When an a-c voltage is applied to a 
metallic-oxide rectifier as in Fig. 3-27 (a) 
a large amount of current flows in R on 
the positive half cycle which develops a 
large voltage of the polarity shown in 
Fig. 3-27 (b). On the negative half cycle, 
a small amount of current flows through 
the rectifier in the opposite direction 
causing a small voltage across FR in the 
opposite direction, Fig. 3-27 (b). This 
voltage on the negative half cycle reduces 
the average value of the output voltage. 
The amount of reduction depends on the 
size of the peak inverse voltage of the 
rectifier and therefore the inverse current. 
With a capacitor filter in the circuit of 
Fig. 3-27 (a), the inverse voltage is about 
double the peak of the a-c input voltage 
as in the half-wave rectifier. Thus the 
inverse current is increased and the out- 
put voltage is reduced in this circuit. 

To counteract this effect, metallic- 
oxide rectifiers are usually used in a 
bridge rectifier type of circuit because the 
small inverse voltages cause a minimum 
of reduction in the output voltage on the 
non-conducting half cycle of each pair 
of units. 
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In this same connection, copper-oxide 
rectifiers are frequently used without any 
input step-up transformer because of 
their low inverse peak voltage rating. 
The bridge circuit is particularly useful 
in such cases since it provides full-wave 
rectification without needing a trans- 
former with a centre-tapped secondary. 
A bridge circuit using a metallic-oxide 
rectifier is shown in Fig. 3-28 (a). In 
Fig. 3-28 (b) and (c) the same circuit is 
redrawn to show how the rectifier may 
be built as a single unit. 

The copper-oxide rectifier is capable of 
producing only a low-voltage output. 
For this reason it is used in d-c supplies 
to operate control circuits and relays, 
to charge batteries, to run small d-c 
motors and to supply bias to grid circuits. 


f Fia.3-28 Bridge circuit employing metal recti- 
ers. 
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The current supplied may be quite large 
if the plates of the rectifier and fins for 
cooling are large. The selenium rectifier 
is slightly more efficient than a copper- 
oxide rectifier since its resistance in the 
conducting direction is slightly less and 
the unit necessary for the same current 
and voltage output is smaller. This latter 
fact is true because the selenium-coated 
plates can withstand a higher inverse 
voltage than corresponding copper plates 
and the operating temperature may be 
higher without damage. The selenium 
rectifier is sometimes used in a power 
supply to provide the anode voltages. 
The copper sulphide rectifier is charac- 
terized by small size and weight, by its 
ability to operate at a high temperature, 
good voltage regulation and definitely 
limited life. It should be used only for 
intermittent service. 

Metal rectifiers are used because they 
give a reliable output, are not easily 
damaged except by corrosion of the 
metals used, require no maintenance and 
can withstand large overloads for short 
periods of time. In addition, provided 
they are not damaged by overloading, 
their life should be much longer than 
that of a valve rectifier. 

3.8 Hot-cathode mercury-vapour 
rectifiers. The hard diode has a low 
efficiency as a rectifier because of the 
high anode. resistance caused by the 
space charge around the cathode. This 
causes the voltage drop across the valve 
to increase as the current is increased 
with consequent loss of power and poor 
voltage regulation in the power supply. 
For low-power rectification, that is the 
development of d-c voltages up to about 
400V at several hundred milliamperes, 
hard diodes are completely satisfactory 
and are even advantageous because they 
can withstand more abuse. However, for 
power rectification, the hot-cathode 
mercury-vapour rectifier (Sec. 1.26) is 
used because it has much higher efficiency 
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and better voltage regulation. The valve 
contains mercury vapour in equilibrium 
with liquid mercury. When the anode is 
at a positive potential of about 15V with 
respect to the cathode, the electrons from 
the heated cathode are drawn to the 
anode with sufficient velocity to ionize 
the mercury vapour and a blue glow fills 
the tube. The positive ions are attracted 
to the cathode and neutralize the space 
charge surrounding it. Because of this 
fact the valve current may vary widely, 
even up to the peak emission current of 
the cathode and the voltage drop across 
the valve remains constant at about 15V. 
Because of this low voltage, the positive- 
ion velocities during normal operation 
are low and oxide-coated cathodes having 
large surface area are used in this type 
of valve. These give high emission for 
extremely low filament temperatures and 
the power used to heat the cathode is 
lower than in hard diodes. At the same 
time they are fairly fragile and care must 
be taken in the operation of the valve. 

A comparison of the e,—72 charac- 
teristics of a mercury-vapour diode and 
a high-vacuum diode is shown in Fig. 
3-29. For very small voltages the two 
conduct slightly. However when the 
voltage across the mercury-vapour diode 
reaches a value of about 15 volts the 
mercury vapour ionizes and the valve 
conducts heavily. After ionization the 
mercury-vapour diode has almost perfect 
regulation since the voltage across it 
remains constant for any current up to 
the maximum emission current of ‘the 
cathode. In comparison, the voltage 
across the high-vacuum diode continues 
to increase as increasingly larger currents 
are drawn. 

The power loss in a mercury-vapour 
diode is much lower than in a high- 
vacuum diode. Consider the two charac- 
teristics shown in Fig. 3-29. The power 
loss in a valve is the product of the 
current flowing through it and the voltage 
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of mercury-vapour and high-vacuum diodes. 


across it. For the particular high-vacuum 
diode shown, a load of 300mA causes a 
voltage drop across the valve of 140V. 
The power loss is therefore .3 x 140 watts 
or 42 watts. In the mercury-vapour 
diode the voltage is only 15V for the 
same current and the power loss is .3 x 
15 watts or 4.5 watts. Thus the power 
loss is much less in the mercury-vapour 
diode. 

The mercury-vapour diode possesses 
the advantages of higher thermal effi- 
ciency, better voltage regulation, lower 
filament power and higher output power 
than the high-vacuum diode. However, 
its use is limited by the fact that it is 
much more susceptible to damage and 
the operating conditions must be 
controlled within more exact limits. Some 
of the precautions which must be taken 
in the operation of a hot-cathode mercury- 
vapour rectifier are discussed in the 
following paragraphs. 

If the anode voltage is applied before 
the cathode has had time to warm up 
properly, complete ionization does not 
occur and a higher voltage drop appears 
across the valve. If the voltage drop 
exceeds 22V, the positive ions are at- 
tracted to the cathode so rapidly that the 
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bombardment destroys the oxide-coated 
surface. This must be prevented by 
turning on the L.T. supply to the fila- 
ments at least half a minute before the 
anode voltage is applied. In some cases 
the operator must know and follow this 
procedure and in others an automatic- 
delay switch is used to prevent any 
possibility of damage to the valves. The 
delay in starting a set having mercury- 
vapour diodes constitutes a disadvantage 
in service equipment. If the set must be 
operated without delay it is never turned 
completely off but is left with filament 
circuits on at all times. This position is 
called the stand-by position and permits 
immediate operation at any time. How- 
ever this advantage is obtained at the 
expense of the power used in heating the 
filaments when the set is not in operation. 

The mercury-vapour diode must be 
protected against overloads since the 
current through the valve is limited only 
by circuit resistance and not by any 
compensating action of the valve. Over- 
loads may be of two types, either a 
momentary short circuit on the load or a 
steady current which exceeds the maxi- 
mum average anode current rating of the 
valve. If the peak current through the 
valve exceeds the possible emission cur- 
rent of the cathode for even an instant, 
as for example during a short circuit, the 
voltage across the valve rises rapidly and 
cathode disintegration results. If the 
average current is too large, the valve 
overheats and this greatly shortens its 
life. 

As a protection against overloads, 
overload relays are usually inserted in 
the primary circuit of the power supply 
and in the H.T. return line. Proper 
protection is obtained when the follow- 
ing relays are employed: 

(i) instantaneous overcurrent relays in 
the primary supply line which, in a 
three-phase system, are placed in 
two of the three-phase leads to 
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insure operation when any one 

phase of the primary is overloaded 
(ii) an instantaneous overcurrent relay 
in the grounded side of the output 
d-c circuit to operate at an instan- 
taneous value of current somewhat 
below the rated maximum peak 
current 
a time-delay overcurrent relay in 
the grounded side of the output 
circuit to operate on continued over- 
load or to protect the valve from 
passing current in excess of its maxi- 
mum average current rating for any 
appreciable period of time. The 
peak inverse voltage rating of the 
mercury-vapour diode is rather low. 
This is due to the presence of hot 
mercury vapour between cathode 
and anode. If on the negative half 
cycle, the voltage at the anode is 
too large, the mercury vapour ionizes 
and there is an arc-back from anode 
to cathode. A very large current 
flows during this time and the valve 
quickly overheats and is destroved. 

If, ina bank of mercury-vapour rectifier 
valves, one valve fails even momentarily 
in the inverse direction, it discharges the 
filter capacitors and the resulting excess 
current through the other valves may 
sputter active cathode material upon the 
anodes of these valves, causing some of 
them to arc back. If the offender can be 
eliminated immediately, probably no 
permanent damage will result in the 
other tubes. This however is not always 
a simple task without the aid of an arc- 
back indicator. It is recommended that 
an are-back indicator be installed in 
series with each anode lead to identify 
the faulty tube in the event that arc- 
back difficulties are encountered. 

For optimum operation of these valves 
the ambient temperature, that is the 
temperature of the air surrounding the 
valve, must be controlled. The valves 
should be spaced at least 6 inches apart 
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to allow free circulation of air and it is 
sometimes necessary to apply a forced 
draft to keep the ambient temperature 
down. If the valves are closer than 6”, 
heat radiation from one may be absorbed 
by the other, raising the mercury temper- 
ature to a point beyond the safe limit 
even though the ambient temperature is 
within the specified range. The temper- 
ature must not become too high because 
the hotter the mercury vapour, the 
lower is the permissible peak inverse 
voltage and therefore the danger of arc- 
back in the valve is increased. If the 
ambient temperature becomes too low 
the mercury vapour in the valve does not 
ionize completely and cathode disinte- 
gration results. This usually occurs only 
when the set is first turned on. Frequently 
thermostatically controlled heating 
resistors are used in service equipment 
to keep the ambient temperature at 
about 75° when the supply is not in 
operation. This circuit is operated by 
the ships mains. 

Precautions in installation are neces- 
sary because of the nature of the con- 
struction of the mercury-vapour diode. 
The valve must always be mounted in an 
upright position. This prevents the 
filaments from sagging as well as prevent- 
ing the mercury from depositing on the 
active elements. These deposits may 
occur during periods of disuse and may 
cause arc-over if they are not eliminated. 
This process of evaporating the liquid 
mercury which may be deposited on the 
active elements of the valve, is called 
conditioning of a mercury-vapour diode. 

Conditioning mercury valves is done 
after a period of disuse of a valve and 
when it is new. The rated filament 
voltage is applied for at least 15 minutes 
without any anode voltage. This distri- 
butes the mercury properly in the valve. 
The anode voltage obtained from a 
variable auto-transformer (variac) is a 
small portion of the operating voltage. 
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The rectifier is operated in this way for 
about 20 minutes during which time the 
anode voltage is gradually increased until 
the normal operating voltage is reached. 
If the equipment does not permit this 
procedure, the full anode voltage should 
be applied intermittently until the valve 
operates normally. If a new valve is 
not put into immediate use it should be 
stored in an upright position and the 
conditioning process repeated at least 
every three months. Some service 
equipment contains special conditioning 
circuits for its mercury-vapour valves so 
that spare valves may be kept ready for 
immediate use. When mercury-vapour 
valves are used a large amount of high- 
frequency current transients are 
generated. These are caused by the 
sudden ionization and de-ionization 
during the operation of the valves which 
results in current pulses which rise and 
fall very rapidly. An analysis of a current 
waveform of this type shows that it 
contains components at many frequen- 
cies. These components are radiated by 
power-supply leads and may be conducted 
into circuits where they cause unwanted 
noise or r-f hash. To help prevent this 
effect, r-f chokes acting as hash 
suppressors are inserted close to the valve 
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in the anode leads of the power supply. 
Also the power supply is built in a 
separate chassis which is well shielded to 
prevent radiation of hash. 

The hot-cathode mercury-vapour 
rectifier is widely used in transmitter 
power supplies and wherever high power 
and high efficiency are necessary. A 
mercury-vapour-rectifier power supply is 
shown in Fig. 3-30. The switch S; is 
the filament on-off switch which con- 
nects the filament voltage through the 
transformer 7;. Switch S2, which may 
be closed 30 seconds after S; is closed, 
connects the high voltage to the valves 
through the H.T. transformer 7. The 
circuit is a full-wave rectifier with 
choke-input filter L3; and C;. The resist- 
ances R,, Re and R; form a bleeder net- 
work across the output terminals. The 
r-f hash produced in the circuit is 
eliminated by L; and Le, the hash sup- 
pressors in the anode leads of the valves. 
Protection against overload on the valves 
is afforded by E,, the overload relay. 
All the power supply current flows 
through #,. The normal amount of 
current is not enough to open the contacts 
but if excessive current is drawn by the 
load, the magnetic field of £, opens the 
contacts which break the primary circuit 
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I1q.3-30 A mercury-vapour-rectifier power supply for use with a transmitter. 
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of 77>, Before operation can again be 
resumed, the contacts of Hi must be 
reset. This is done only after the cause 
of the overload has been found and 
remedied. 

3.9 Voltage multipliers. H.T. supply 
voltages are usually higher than the 
peak value of the a-c source. For this 
reason it is common practice to use a 
step-up transformer to increase the a-c 
voltage before rectifying it. However, if 
the required H.T. voltage is so high that 
it is not feasible to build a transformer 
to supply the full voltage or if it is 
desired to obtain an anode voltage suit- 
able for operating small valves directly 
from the a-c source without using a 
transformer, then voltage multcpliers are 
very useful. 

The basic voltage multiplying circuit 
is the voltage doubler in which two 
capacitors are charged on alternate half 
cycles and arranged so that the voltages 
add together in the output. Such a 
circuit produces an output voltage which 
is close to twice the peak of the applied 
a-c voltage. This circuit may be con- 
nected in series with other rectifier 
circuits to produce voltages three, four 
or even more times the peak value of the 
input voltage. The operation of these 
circuits is discussed in detail in the 
following sections. 


A. The Full-Wave Doubler 


The circuit of a full-wave voltage 
doubler which is the conventional type 
of doubler circuit is shown in Fig. 3-31. 
When the end A of the transformer 
secondary is positive with respect to the 
end B a voltage is applied across V, and 
C; in series which makes the anode of V, 
positive with respect to its cathode. 
Thus electrons flow from the upper plate 
of Cy, through V; and accumulate on the 
lower plate of C; charging the capacitor 
to the peak voltage of the applied sine 
wave with polarity as shown. During a 
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F1q.3-31 Full-wave voltage doubler circuit. 


negative half cycle B is more positive 
than A and JV, is cut off while V2 con- 
ducts and C, is charged to the peak of 
the applied voltage, making the upper 
plate positive with respect to the lower 
plate (Fig. 3-31). The output is taken 
across C’; and C; in series and is therefore 
equal to the sum of the voltages on C; 
and C,. If the load current is small, this 
is very nearly twice the peak of the sine 
wave voltage applied to the valves. The 
resistance FR is usually connected across 
the output in order to allow the capaci- 
tors to discharge after the supply is 
turned off and thus prevent injury caused 
by the unwitting touching of the high 
voltage by personnel. The resistance of R 
is in the range from 10 to 20 megohms. 

Fig. 3-32 shows the curves for the 
applied voltage, the d-c output voltage 
and the currents through V, and Vs, 
After C, and C, have been charged cur- 
rent flows through each valve only when 
the voltage across the valve is greater 
than the voltage across the capacitor 
which is in series with it. This occurs 
for only a short time during each half 
cycle and therefore the peak currents 
may be large. This circuit, may only be 
used in applications where the average 
load current is not greater than a few 
milliamperes. If the current exceeds 
this, the capacitors discharge so much 
during each cycle that the output voltage 
drops considerably and in addition the 
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peak current through the valves is very 
high. However a voltage doubler in 
which C; and C; are made large, about 10 
microfarads, can supply a very large 
load current in pulses of a few micro- 
seconds duration without the voltage 
dropping noticeably. To prevent the 
valves from being damaged by the exces- 
sive peak currents which result from using 
large capacitors, resistors of a few thou- 
sand ohms resistance are placed in the 
circuit at the points labelled XX and 
YY (Fig. 3-31). 

Since the ripple frequency in ~~ out- 
put is twice the frequency of the input, 
this circuit is similar to the full-wave 
rectifier and is therefore called a full-wave 
doubler. Voltage-doubler valves, however, 
must have separate indirectly-heated 
cathodes for each diode section since the 
cathodes are at different potentials. This 
is different from the full-wave rectifier. 
For this reason twin diodes have been 
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Fic.3-32 Waveforms of voltage and current in 
a full-wave doubler. 
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Fi1a.3-33 Half-wave doubler circuit. 


designed with separate cathodes to ‘act 
as voltage-doubler valves. 


B. The Cascade Doubler 


Another type of voltage doubler is the 
cascade doubler shown in Fig. 3-33. Dur- 
ing a negative half cycle, that is when A 
is negative with respect to B, the anode 
of V, is positive with respect to its 
cathode and V, conducts to charge C; 
with polarity shown. When A is at the 
negative peak the voltage across C, is 
equal to the peak of the a-c input less the 
small voltage across V; due to its anode 
resistance. Thus X is positive with 
respect to A by the peak voltage of the 
input sine wave, that is, it is at zero or 
ground potential. As the potential at A 
rises, point X becomes more positive. 
Since X always remains positive to A 
by the voltage across C;, when A reaches 
its positive peak point X is positive with 
respect to ground by twice the peak 
input voltage. The graphs of the input 
voltage and the corresponding voltage 
at X are shown in Fig. 3-34 (a) and (b). 
During the positive half cycle of the 
input voltage V, is cut off and V2 con- 
ducts, allowing C,; to discharge and C, 
is charged up to the peak voltage be- 
tween X and ground. Thus the output 
voltage taken across C2; is very nearly 
twice the peak voltage of the input sine 
wave. On the next negative half cycle 
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Fiac.3-34 Voltage waveforms in half-wave 
doubler. 


the charge on C; is replaced through V; 
and C, keeps the current flowing through 
the load. As before the average load 
current may not exceed a few milli- 
amperes so that only a small portion of 
the charge in the capacitors is lost when 
the charging currents are not flowing. 
This is necessary to keep the output 
voltage atits peak value and also prevent 
excessive ripple in the output. Fig. 
3-34 (c) shows the waveform of the 
output voltage. 

Another name for tisis circuit is the 
half-wave doubler. It is called this be- 
cause V2 acts as a half-wave rectifier of 
the voltage whose peak value is doubled 
by the action of C;. The ripple frequency 
is the same as that of the source. For 
this reason this circuit is less desirable 
than the fuil-wave doubler since there 
are the same number of components and 
since the percentage ripple is greater. 
The cascade doubler however finds its 
application in multiplier circuits which 
give more than double the voltage output. 
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C. Higher-Voltage Multipliers 

If a cascade doubler is combined with 
a half-wave rectifier an output voltage 
of three times the peak voltage of the 
input may be obtained. In Fig. 3-35 
V, and V2 together with C; and C2 com- 
prise the cascade doubler giving an out- 
put of 2E maz across Ry. V3 is the half- 
wave rectifier producing an output of 
Emax across C3 and Ry. These two out- 
puts add up to 3E naz across R, and Re. 

In Fig. 3-36 a multiplier circuit is 
shown which uses two cascade doublers 
in series to produce an output voltage of 
almost 4 times the peak value of the 
input voltage. 

3.10 Voltage regulators. It is shown 
in section 3.3E that the voltage output 
of a rectifier does not remain constant 
for different loads. Even when a choke- 
input filter is used with the best regu- 
lated valves, there is an JR drop in 
circuit components which increases with 
increased load current and thus changes 
the output voltage. 

However, changes in output voltage 
across the load may take place even 
when the load remains constant. These 
changes are caused by variations in the 
input a-c voltage to the rectifier. Cir- 
cuits which are designed to counteract 
the effect of the variations in load or 
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Fic.3-35 Voltage tripler circuit. 
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Fiac.3-36 Voltage quadrupler circuit. 


input a-c voltage on the output voltage 
of the rectifier are called voltage regu- 
lators. All voltage regulator circuits are 
based fundamentally on the concept of a 
voltage divider which consists of a vari- 
able resistor in series with the load 
(Fig. 3-37). If the output voltage drops, 
R is decreased to allow more current to 
flow and thus counteract the voltage 
drop across the load, or in other words, 
the voltage drop across FR is decreased 
so that the voltage across the load re- 
mains unchanged. If the output voltage 
rises, then FR is increased to cause a 
greater voltage to appear across it and 
thus keep the voltage across the load the 
same. 
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F1G.3-37 Circuit illustrating the principle of 
voltage regulation. 
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Instead of manually adjusting a vari- 
able resistance to suit the changing con- 
ditions, valve circuits and other devices 
have been designed to produce the effect 
of a variable resistance which automati- 
cally adjusts itself by the correct amount 
to counteract any changes in voltage 
across the load within very small limits. 
Some circuits only regulate the voltage 
when the changes are caused by changes 
in load and others only when the changes 
are caused by variation in the input a-c 
voltage but most circuits regulate the 
voltage in either case. The various types 
of circuits are described in the following 
sections. 


A. The Gas-Valve Regulator 


The gas-valve regulator is a diode valve 
filled with an inert gas and having a cold 
cathode. The voltage across the valve 
remains practically constant for a cer- 
tain range of currents through the valve. 
This occurs because the internal resist- 
ance of the valve depends on the degree 
of ionization of the gas in it, and this 
changes considerably with very slight 
changes in anode voltage. Thus if the 
voltage rises slightly, the degree of ion- 
ization of the gas increases, the valve 
resistance decreases and the current in- 
creases. Over the operating range of the 
valve the product (/R) of the current 
and the internal impedance of the valve 
remain practically constant. For this 
reason it is called a voltage regulator or 
VR valve. 

To act as a voltage regulator, the 
valve is connected in parallel with the 
load and a resistor & in series with the 
VR valve forms the other part of the 
required voltage divider as in Fig. 3-38. 
For controlling variations in output volt- 
age caused by changes in the load, the 
action of the circuit is as follows. The 
total current in the circuit flows through 
R and then divides between the regula- 
tor valve and the load. If the load _ 
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l'ic.3-38 VR valve voltage regulator. 


draws an increased current, i.e. the load 
resistance decreases, the voltage across 
the VR valve tends to decrease. The 
very slight decrease in voltage produces 
less ionization in the VR valve so that 
less current flows through it and the 
total current through R remains con- 
stant. Similarly if the load current de- 
creases, the voltage across the VR valve 
tends to rise. This causes an increase in 
current through the valve which exactly 
counteracts the decrease in load current. 
The valve thus acts in such a way as to 
draw a constant current from the source 
through FR and consequently the voltage 
across # and across the load remains 
constant. A constant output voltage is 
maintained over the range of current 
changes possible in the VR valve. 

Changes in voltage from the rectifier 
filter are also absorbed by the VR valve 
and do not affect the output voltage 
across the load. If the rectifier output 
voltage tends to increase the voltage 
across the load and VR valve tends to 
increase, the VR valve then conducts 
more current which flows through R. 
This causes the voltage drop across R 
to increase and thus absorb the change. 
The voltage across the load is then kept 
constant. 

The resistor R is necessary in the 
circuit to limit the excessive currents 
in the VR valve which may flow if the 
current to the load is cut off. The total 
current then flows through the valve and 
is limited by the size of R. The value of 
R is chosen so that the current through 
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the valve has a safe value when there 
is no load current. 

Only one value of voltage output can 
be obtained with any particular valve. 
If a different value of voltage is to be 
regulated, a different V& valve must be 
employed. Commonly used valves are 
the V R-75-30 and V R-150-30 which can 
regulate voltages of 75V and 150V respec- 
tively. If it is desired to regulate higher 
voltages two or more valves are connected 
in series as in Fig. 3-39. Care must be 
taken that the peak output voltage from 
the rectifier is large enough to cause the 
gas in the valve to ionize. This is about 
30% greater than the constant voltage 
across the regulator when it is conduct- 
ing. The variations of current that can 
be absorbed by one valve are relatively 
small, being about 5-30mA. When two 
valves are used in parallel, a current of 
twice the value can be regulated. How- 
ver, this type of stabilization is used only 
in circuits which require a small current. 
A voltage regulation of about 1% can be 
obtained by the use of the VR valve. 

Cold-cathode gas diodes may also be 
used to regulate the a-c input voltage 
to a transformer. Two neon valves are 
placed back to back across the a-c supply 
to the primary, and a resistance FR is 
placed in series with the line, Fig 3-40 (a). 
Suppose it is desired to regulate a 
110V supply voltage. Valves are chosen 
which ionize at, say, 105V. Thus the 
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Fia.3-39 Use of several VR valves in series to 
stabilize a high voltage. 
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Fia.3-40 Use of cold-cathode gas valves to 
stabilize an a-c voltage. 


input voltage may vary from 105V up- 
wards and the voltage applied to the 
primary will never rise above 105V. This 
occurs because the neon valves ionize as 
soon as the voltage reaches 105V and 
draw a larger current through R. Thus 
the increase in voltage is absorbed by Rk 
and the voltage across the primary re- 
mains at 105V. This is illustrated by 
the graphs in Fig. 3-40 (b). Of course, 
this system is of no value if the input 
falls below 105V, but it must be re- 
membered that all voltage regulators are 
of value only within a limited range of 
variations. 


B. The Hard-Valve Regulator 


A triode valve capable of carrying the 
d-e current required by the load may act 
as a voltage regulator. This valve is 
inserted in series with the load as in 
Fig. 3-41. A triode valve has a variable 
anode resistance which is controlled by 
the grid voltage. This resistance is varied 
in such a way as to keep the voltage 
across theload from changing appreciably. 

In Fig. 3-41 the grid potential is nega- 
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tive with respect to the cathode by the 
amount of the voltage E across the 
upper part of R. The position of the 
tap on RF is adjusted until the correct 
voltage appears across the load. At this 
position the voltage output of the recti- 
fier divides in the correct ratio across the 
valve and load in series. If the load 
resistance decreases, the voltage across 
the load tends to decrease. However, 
when a small decrease in voltage appears 
across the load and R, the voltage be- 
tween the grid and cathode of the triode 
decreases. A large decrease in the re- 
sistance of the valve takes place when 
this bias decreases. Since the anode 
resistance decreases, the fraction of the 
rectifier output voltage appearing across 
the valve decreases and the voltage 
across the load is maintained at its 
initial value. 

The vacuum-valve regulator also re- 
duces the effect of changes in rectifier 
output voltage caused by variations in 
the input a-c voltage. If this voltage 
increases, a corresponding increase ap- 
pears across FR to apply more bias to the 
triode and thus increase its resistance. 
This increases the voltage across the 
valve which compensates for the increase 
in voltage across the load. Thus the 
load voltage remains the same. 

This circuit is limited in its action. 
When the load current increases the grid 
voltage should be maintained at a con- 
stant lower value in order to hold the 
resistance of the valve at a decreased 


Filtered 
output 
from 
rectifier 


Oo 


Frq.3-41 Simple hard-valve voltage regulator. 
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Fic.3-42 A more sensitive hard-valve voltage regulator. 


value. However, after the load voltage 
is restored to its original value, the bias 
on the valve is increased slightly, the 
anode resistance and voltage across the 
valve increase causing the load voltage 
to increase slightly. Consequently the 
voltage across the load must continually 
decrease and increase by small amounts 
to obtain the desired action of the triode. 

A more efficient method of controlling 
the resistance of the triode is shown in 
Fig. 3-42. In this circuit the change in 
load voltage necessary to effect a change 
in the resistance of the triode is very 
small because of the high amplification 
factor of the pentode valve. The action 
of the circuit is as follows. The grid 
voltage of the pentode is set by R3 and 
controls the current in the pentode. The 
pentode current flowing through R, pro- 
duces the bias on the triode. A setting 
of 3; is made which gives the correct 
bias on the triode for the desired anode 
resistance, anode voltage and output volt- 
age. When this is set, the small varia- 
tions in output voltage, caused either by 
changes in load current or by changes in 
input voltage, are fed to the grid of the 
pentode. If the voltage across the load 
tends to decrease, the grid voltage on 
the pentode decreases causing less cur- 
rent through R;. This decreases the 
bias #; on the triode and reduces the 
resistance of the triode. The voltage 


across the load is increased by this 
action to almost the same value it had 
previous to the change. As a result the 
change in load voltage is very small. 


The VR valve is used to supply a 
constant positive voltage EH, to the 
cathode of the pentode. This is necessary 
for stable operation of the pentode. R, 
is the series resistor which conducts the 
minimum current necessary for the VR 
valve to remain ionized. The position 
of the tap on R3; makes E; a positive 
voltage less than H,. Thus the pentode 
control grid is lower in potential than the 
cathode by the voltage E.— Es. 


A circuit of this kind is used for higher 
voltage and current outputs than are 
possible by the use of VR valves alone. 
The output voltage is for all practical 
purposes a steady d-c. Since the output 
voltage is constant with varying input 
voltage from the rectifier, this circuit 
may also take the place of part of the 
ripple filter of the power supply. 


C. The Carbon-Pile Regulator 


A carbon-pile regulator prevents changes 


in a-c input from being applied to the 
rectifier circuit. 


A carbon pile is a series of carbon 
plates pressed in contact with one another. 
If the pressure on the plates is increased 
the resistance of the pile decreases ; if the 
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Fia.3-43 Carbon-pile regulator. 


pressure is decreased the resistance in- 
creases. By applying a variable pressure 
the resistance of the carbon pile is made 
to vary in such a way that the output 
voltage is kept constant with changes 
in input voltage. 

The circuit diagram of a carbon-pile 
regulator is shown in Fig. 3-48. It is 
usually used in the primary circuit of the 
transformer of a rectifier power supply. 
The carbon pile is connected in series 
with the primary winding so that the 
total input current passes through it. A 
spring S applies pressure to the armature 
A which in turn compresses the plates. 
The magnetic field of the bobbin con- 
trols the pressure of the armature on the 
carbon pile. The current for the bobbin 
is supplied by a metallic-oxide bridge 
rectifier which is in parallel with the 
primary winding of the transformer. The 
variable resistor Ff in the rectifier output 
is an external means of varying the 
current in the bobbin, which changes the 
pressure of the armature on the carbon 
pile and thus sets the output voltage. 
The a-c output is kept nearly constant 
at the value which is initially set by R. 
The action is as follows. If the input 
voltage rises, a greater current is pro- 
duced by the bridge rectifier. This in- 
creases the current through the bobbin 


and produces a stronger field which 
lessens the pressure on the carbon pile. 
The resistance of the pile is increased 
and more of the voltage drop appears 
across the carbon pile. Thus the output 
voltage rises only slightly. This small 
rise is necessary to maintain the lessened 
pressure on the pile. For decreases in 
the a-c supply voltage the action is 
exactly the reverse. 


D. Amperite or Ballast-Valve Regulator 


A ballast valve consists of an iron wire 
enclosed in an envelope filled with hydro- 
gen. It depends for its regulating action 
on the fact that the resistance of the 
wire changes with temperature. With 
large currents the wire becomes hot and 
the resistance increases; with small 
currents the reverse is true. The ballast 
valve is specially constructed so that 
over a certain range of voltage the re- 
sistance changes in such a way that the 
current remains practically constant. 
Thus the valve may be used as a constant- 
current device or as a voltage regulator. 

As a voltage regulator it may be used 
to counteract changes in the input a-c 
voltage. It may be placed in the primary 
of the transformer or in the output of 
the rectifier following the filter (Fig. 3-44). 
The action may be described as follows. 
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F1c.3-44 Amperite or ballast-valve regulator. 


If the voltage increases, the current 
tends to increase and the wire heats up. 
The increased resistance in the ballast 
valve absorbs the increase in voltage 
and thus the voltage across the load re- 
mains the same. 

Note that this device does not regu- 
late the voltage if the load changes. 
If the load resistance decreases, more 
current is drawn from the rectifier and 
the output voltage falls. In addition, 
the greater current causes the resistance 
of the ballast valve to increase and the 
load voltage is decreased even further 
by the additional drop across the valve. 

The ballast valve, however, is used 
most commonly as a constant-current 
device. It is usually placed in series with 
several elements through which it is de- 
sired to maintain a constant current, 
such as a circuit in which the filaments 
of several valves are connected in series. 
Fig. 3-45 shows the characteristic of a 
typical ballast valve and illustrates its 
constant-current property. 
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Fic.3-45 Characteristic curve of a ballast valve 
showing its constant-current property. 
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Fiac.3-46 Saturated-core transformer regulator. 


E. Saturated-Core- Transformer 
Voltage Regulator 


Changes in the primary voltage of a 
transformer cause smaller changes in 
secondary voltage when the core is satu- 
rated than when the core is not saturated. 
This levelling off of output voltage after 
saturation is used in stabilizing the out- 
put, voltage of a transformer for changes 
in input voltage. 

In the transformer (Fig. 3-46) the 
upper part ab of the secondary is wound 
on a thin core which saturates at the 
output voltage desired. This part of the 
secondary has many turns and the graph 
of its output EL», with.changing input 
voltage is shown in Fig. 3-47. The lower 
part cd of the secondary has few turns 
and is wound on a normal core that does 
not saturate in the voltage range de- 
sired. Thus, its output E,, is propor- 
tional to the input voltage as shown. 
The secondaries ab and cd are connected 
so that their outputs oppose each other 
and therefore the output voltage is the 
difference between E,, and Eg. The 
number of turns in the sections ab and cd 
are chosen so that the output voltage 
does not change appreciably beyond 
saturation over the range of input volt- 
ages desired. 


F. A Current Regulator 


A current regulator is a circuit which 
causes a constant current to flow in a 
load regardless of changes in input volt- 
age or load resistance. This circuit, 
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Fic.3-47 Graphs illustrating operation of the 
saturated-core transformer. 


shown in Fig. 3-48, makes use of that 
property of a pentode which allows only 
small changes in anode current with large 
changes in anode voltage over the operat- 
ing range A to B (Fig. 3-49). Since the 
load is placed in series with the pentode, 
the pentode current flows through it. 
To maintain the screen voltage constant 
for stable operation, a VR valve is con- 
nected between the screen and ground. 
The resistor R, is small enough that the 
regulator valve conducts and large enough 
to limit the screen current to a safe value 
when the anode current is small. The 
initial operating current of the circuit is 
set by R. which varies the bias applied 
to the grid. This is set for the desired 
current through the load. 

The action of this current regulator is 
as follows. If the load tends to draw 
more current, the current through R, 
and R; causes a greater bias to be applied 
to the pentode. This increased bias de- 
creases the anode current. The net in- 
crease in current through the pentode 
and load is very small. Thus, the anode 
current is nearly constant with changes 
in anode voltage over the operating 
range (Fig. 3-49). 

This type of current regulator is capa- 
ble of limiting the current change to 
the order of 1mA as the voltage across 
the circuit varies from 300 to 1000V 
or as the load resistance changes from 
0 to 50,000 ohms. 
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Fic.3-48 A current regulator circuit. 


3.11 Vibrator power supplies. The 
vibrator is a device used to obtain large 
H.T. voltages for transmitters or re- 
ceivers from a low-voltage d-c source. 
It is most commonly used in portable 
and mobile sets where 6V or 12V storage 
batteries are the only available source 
of power. 

A vibrator is essentially nothing more 
than a simple interrupter, similar in 
many respects to a buzzer, which changes 
the d-c from a storage battery to an a-c. 
A battery connected directly to a trans- 
former produces no secondary voltage 
because there is no changing field in the 
primary. By means of a vibrator the 
connections of the battery to the trans- 
former are reversed at a rapid rate. The 
resulting alternating square-wave d-c 
pulses in the primary produce a changing 
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Fia.3-49 Characteristic curve of current regu- 
ator. 


3:36 


magnetic field which induces a high- 
voltage a-c in the secondary. This high- 
voltage a-c is then rectified and filtered 
to produce a smooth H.T. voltage suit- 
able for receivers or transmitters. 

There are two main types of vibrators 
in use. These differ only in the method of 
rectifying the high-voltage a-c. One type 
employs a valve rectifier in the secondary 
circuit and is called a non-synchronous 
vibrator. The other type rectifies its own 
output by using a second pair of vibrator 
contacts, thus eliminating the need for a 
valve and it is called a synchronous 
vibrator. 


A. Non-Synchronous Vibrator Supply 


The circuit of Fig. 3-50 shows a non- 
synchronous vibrator supply. When S, 
is open the vibrator reed rests in the 
position shown, mid-way between the 
contacts. If S; is closed current flows 
through the bobbin coil and the lower 
part of transformer 7;. The magnetic 
field of the bobbin pulls the reed down 
until it makes contact at A. This 
applies the full battery voltage to the 
bottom half of 7, and shorts the bobbin 
out of the circuit. A large current flows 
in the bottom half of 7; in the direction 
shown but since the reed is no longer 
pulled by the bobbin, it springs back 
quickly to break the contact. Its momen- 
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tum carries it up to make contact at B. 
The battery is then connected to the 
top half of 7, so that a large current 
flows in the direction shown. As soon 
as the reed leaves contact A, however, 
the bobbin is energized again and attracts 
the reed back, breaking the current in 
the upper half of the transformer. This 
action repeats itself many times a second 
to produce the a-c input for the trans- 
former. 

The voltage waveform in the primary 
of the transformer when C; is not in the 
circuit is shown in Fig. 3-51 (a). At A 
on the diagram the power contacts are 
closing on one direction of swing of the 
reed, connecting the primary of the trans- 
former to the terminals of the battery. 
The contacts remain closed a length of 
time ¢, until point B where the reed 
has started its return swing and has 
opened this pair of power contacts. The 
reed now requires a length of time ¢t, to 
continue this return swing to the point 
where the opposite pair of contacts close 
at C on the diagram. The current now 
flows through the primary of the trans- 
former in the opposite direction. This 
second pair of contacts remains closed 
for the time ¢3, after which the reed has 
reversed its direction again and has con- 
tinued its return swing far enough to 
open these contacts at D. The reed then 


Electron flow R-f-c 
T Bea titi ae 
) ; 
R-f-c 
ifs Output 
° Ge to 
Vibrating S03 iin 
reed Jille 
a C; \ 1B : —— 
S F T, 
cite 


Fia.3-50 Non-synchronous vibrator circuit. 
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requires a length of time ¢, to travel 
between the second set of contacts at 
D and the original set at A where the 
cycle ends and a new one begins. 
Current can only flow from the battery 
while the power contacts are touching, 
i.e. during the time periods ¢, and 3. 
A timing or buffer capacitor C2 is required 
to protect the circuit during the time 
that the reed is moving from one set of 
contacts to the other, i.e. t2 and t4. If no 
capacitor is used an extremely high volt- 
age is induced in the transformer be- 
cause of the sudden stoppage of the cur- 
rent and the rapid collapse of the 
magnetic field. This causes severe arcing 
and failure of the vibrator. Further, 
when the contacts close at C the full 
battery voltage is applied across the con- 
tacts causing a spark to jump the gap 
just before the contacts close, which is 
also detrimental to good contact life. By 
connecting a capacitor across either of 
the transformer windings and selecting 
the right capacitance these conditions 
may be avoided. This capacitor acts as a 
tank in which energy is stored during the 
contact intervals, t; and t3, and discharges 
through the transformer winding during 
the off contact intervals, t, and t,, to 
supply energy to the transformer. Thus 
the current is maintained and the wave- 
form takes the form shown in Fig. 3-51 (b) 
when there is no load on the secondary, 


and that of Fig. 3-51 (c) fora load. Fig. 


3-51 (d), (e), (f), (g) shows the effects of 
faulty operation on the waveform. Fig. 
3-51 (d) shows the effect of too small 
a timing capacitance when the vibrator 
is loaded and Fig. 3-51 (e) shows the 
effect of the same fault when the vi- 
brator is not loaded. Fig. 3-51 (f) shows 
the effect if the vibrator is worn out or 
badly adjusted and is making poor con- 
tact on one side while Fig. 3-51 (g) 
shows the effect of bouncing contacts 
caused by worn-out contacts or a slug- 
gish reed. 
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Fic.3-51 Voltage waveforms at primary of a 
non-synchronous vibrator. 


Sparking at the contacts with resultant 
r-f interference, commonly referred to as 
hash, is suppressed by the filter choke 
r-f-c LZ, and capacitor C, placed in the 
input leads. The entire unit is also 
placed in a metal can to shield nearby 
circuits from any interference caused by _ 
the vibrator. 

The d-c output voltage is produced by 
a full-wave rectifier using a double diode 
valve. The r-f-c Ze. and capacitor C; 
comprise an L-section filter for r-f hash. 
The output from this circuit is passed on 
to a ripple filter which smooths the out- 
put to a steady d-c. 
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F1G.3-52 A synchronous vibrator circuit. 


B. Synchronous Vibrator Supply 
(Self-Rectifying Type) 

A synchronous vibrator supply circuit 
is shown in Fig. 3-52. The primary 
circuit is the same as in the non-syn- 
chronous type. An additional set of 
contacts on the vibrator reed is attached 
to the secondary circuit. This second 
set of contacts grounds one end of the 
secondary winding on one half cycle and 
the other end on the next half cycle. 
The output voltage to the filter is taken 
between the centre tap of the trans- 
former and ground. Since the alternate 
grounding of the ends of the secondary 
is in step with the reversal of primary 
current, the polarity of the secondary 
centre tap is always the same relative to 


ground. Thus no rectifier valve is neces- 


sary to produce a d-c output. 

The waveform of the primary voltage 
of a properly-adjusted synchronous 
vibrator operating under load is shown 
in Fig. 3-53. The small peaks shown at 
the beginning and end of time intervals 
t; and ¢; are normal and do not produce 
hash if they appear as shown. They are 
caused by the increased voltage drop in 
the primary circuit when the secondary 
load is connected, since the vibrator is 
adjusted so that the interrupter contacts 
close before and open after the rectifier 
contacts. This is accomplished by spac- 
ing the rectifier contacts slightly wider 


than the interrupter contacts and thus 
the load is broken at high voltage and 
low current rather than at low voltage 
and high current. The reason for this is 
that it results in less severe arcing and 
therefore in longer contact life. 

3.12 R-f oscillator power supply for 
c.r.t. Although the anode supply for a 
cathode-ray tube requires a high voltage 
it requires very little power. The con- 
ventional transformer circuit used to 
obtain the high voltage is capable of 
producing much more power than is 
needed. It also has the disadvantages of 
being bulky, heavy and costly. Conse- 
quently another type of supply called an 
r-f oscillator power supply is used, 
especially with electrostatic deflection 
cathode-ray tubes, which produces a high 
voltage with therequired amount of power. 
Since it consists only of two valves and 
an r-f transformer, its light weight and 


4) pa 


\ \B 


Fic.3-53 Voltage waveform at primary of a 
synchronous vibrator under load conditions. 
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Fig.3-54 R-f oscillator 


compact size are further advantages and 
in addition its output is independent of 
the deflection system of the c.r.t. 

A circuit diagram of this power supply 
is shown in Fig. 3-54. The a-c for the 
rectifier is produced by an r-f oscillator 
using a power output type of valve, Vi, 
in the circuit. The 300V d-c supply used 
for the other cathode-ray tube circuits 
supplies power for the oscillator which 
is a parallel-feed tuned-anode oscillator 
operating at 50-500 Ke/s and developing 
10-15 watts output. The tuned-anode 
circuit L,C, is tuned to the natural 
resonant frequency of the high-voltage 
winding Le of a step-up transformer. 
This provides a minimum amount of 
loading on the oscillator circuit. After 
the r-f has been stepped up to several 
thousand volts by Lz, it is applied to the 
diode V2, and rectified. The output of 
the rectifier is filtered by Cu, R3; and Cs, 
Since the rectifier diode requires only 
about } watt to heat the filament, the 
power for this is taken from the r-f 
oscillator by an additional one or two 
turns, L; on the secondary of the oscil- 
lator coil. This eliminates the need for a 


power supply circuit. 


conventional transformer having high- 
voltage insulation. The position of L; is 
critical and must not be changed since 
there is no way of measuring the voltage 
and the filament can easily be over- 
loaded and burnt out. A comparison of 
the brightness of this filament with that 
of other ordinary valves is one way of 
estimating whether the position of Ls is 
correct or not. 

This power supply has good voltage 
regulation and there is no need for an 
additional voltage regulator. The regu- 
lation curve is shown in Fig. 3-55. For 
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Fia.3-55 Regulation curve for r-f oscillator 
power supply. 
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variations in current of 0-200 microamps 
which occur as the electron beam is 
modulated, there is only a 5% fluctuation 
in voltage. If more current than this is 
drawn the voltage falls rapidly because 
loading reduces the Q of the tuned 
circuit so that the a-c voltage to the 
rectifier is reduced. Another factor in 
reducing the output when the supply is 
heavily loaded is the decrease in recti- 
fier filament supply since it also gets its 
power from the oscillator. With a 
smaller heater current, less current flows 
through the rectifier. 

The drop in voltage when the circuit 
is loaded has the advantage that the 
power supply is not as dangerous should 
a person inadvertently touch it during 
servicing of the equipment. The chances 
of a lethal shock are also reduced by 
making the filter resistor FR; of the 
order of 100 KQ to 500 KQ. However, the 
usual precautions taken when dealing 
with high voltages must still be observed; 
particularly, the connections to the rec- 
tifier valve must not be touched since a 
severe r-f burn may result. 


3.13 Applied mathematics. 


A. Full-wave Rectifier with Inductor 
Input Filter 


1. D-C Ourrut VouTaGe. 


In the inductor-input filter circuit 
shown in Fig. 3-56 (a) Einar sin wt is the 
a-c applied voltage to each valve. In 
this circuit e; is the input voltage to the 
filter and load, 7; is the current to the 
filter and load which branches into Ve 
and z through the capacitor and load 
respectively. The effective resistance of 
a bieeder and load in parallel is repre- 
sented by the resistor R and the inductor 
resistance by Ry. 

In this circuit the inductor and capaci- 
tor action are such that under operating 
conditions the valves conduct during the 
complete half cycle when their anodes 
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Fia.3-56 Circuit and waveforms of a full-wave 
rectifier with inductor-input filter. 


are made positive with respect to their 
cathodes by the voltage Ena, sin ot. 
The valve then acts as a short circuit 
which applies the input voltage directly 
to the filter and load circuit. This is true 
if the voltage drop across the valves is 
assumed to be zero. Since it is usually 
not a large value, this assumption is 
reasonably correct. Thus the voltage e; 
is of the form shown in Fig. 3-45 (b) 
and is given by 


Dy 4 
6:= Enaz| ——— 2at ——— AG ae 
( Bo a) ark wt ) 


From this equation it may be seen that 
the d-c component is represented by the 


Z 
first term Emaae and the a-c components 


by the remainder of the terms. 


Thus 
and 
2E 1 
Iz.. through R = —22 x———" 
a 1roug 9 Se 
2. A-C R.M.S. RippLe VOLTAGE IN THE 


OUTPUT. 
The a-c ripple voltages occur at even 
multiples of the supply input frequency 
and are treated separately. The 2nd 
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harmonic a-c voltage across the input is 


mar 


= cos 2wt 


The effective value of eé2 is 


.. the effective value of 22 is 
aE as 
 89v/2Z; 
where Z; is the input impedance of the 
filter and load computed at a frequency 
2wt. 

The impedance Z; is made up of 2wL 


2 


in series with the combination of Ele 


2wC 
and F& in parallel. However, in a filter 
QoL >= and RF in parallel with we 


makes this a-c impedance still smaller. 
Consequently a good approximation of 
Z, is given by 2wL. 
4 Bmax 
Thus I= 37, /B QoL 

Since this is the second harmonic cur- 
rent passing through the filter, the volt- 
age output across the load at this fre- 
quency is the same as the voltage across 
the capacitor. 

BE, = 1:XZ, 
4B maz, 1 1 
F Sea/8 obuli Dal 
Ee ee 1 
Mex On 4tLC 

The above assumptions are even more 
exact for the fourth harmonic, i.e. 
4wL>——<R. Eis the r.m.s. value of 

4uC 
the 4th harmonic of the input voltage 
appearing across the output and is calcu- 
lated in a manner similar to that for the 
2nd harmonic. 
EK, = 1axXZ; 
ON I Roma | 1 


ee ad dal! 
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15a) 2° 16w?LC 
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This a-c component is only 4, of the 
2nd harmonic and can therefore be 


neglected. 
3. PERCENTAGE RIPPLE IN THE OUTPUT. 
The percentage ripple at the 2nd har- 
monic of the input frequency equals 
r.m.s. a-c voltage output 00 
d-c voltage output 
ee lO 
age J/2 40? LC | 
aa § ccm mT ie R x 100 
7 eta hs 
R+R, 
Prick 
For a supply voltage of 60 c/s this 
formula may be simplified considerably. 
R+Rz 
R 
compared to R. 


= 1since Ry, is usually small 


100 
6+/2w?LC 

<3 100 

~ 6X1.41« (23.146 60)? CX10-§& L 
_ 100 

ae ae! 


Percentage ripple = 


100 


Thus percentage ripple = LC 

where 

L = inductance of filter in henries, 

C = filter capacitance in microfarads. 
Since the 4th harmonic percentage 

ripple would be 4 of the 2nd harmonic 


percentage ripple it may he neglected. 


4 CALCULATION OF CRITICAL LoaD RE- 

SISTANCE R AND INDUCTANCE L. 

The above calculations have assumed 
that current is flowing in the circuit at 
all times and that there is no transient 
condition. This, however, does not hold 
true for small values of d-c output cur- 
rent. The total current 7; is made up of 
the sum of two other currents: the d-c 
output Jz., and the second harmonic a-c 
I, neglecting the higher-harmonic a-c 
currents which are negligible. Conse- 
quently the current is a varying d-c as 
shown in Fig. 3-57 (a). 
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Fiq.3-57 Output voltage characteristic for a 
choke-input supply. 

In the condition shown J,.. is equal 
to the peak value of J, and the current 
reaches zero at only one instant every 
cycle. If Jz, is greater than this value, 
the current does flow at all times and the 
previous calculations hold true. How- 
ever, if J;.,is less than this value then the 
current stops at some time in the cycle 
and a transient condition occurs in which 
the capacitor discharge supplies the cur- 
rent for a short period. In this case, the 
capacitor gains enough charge in a shorter 
period than 3 cycle to raise its voltage 
to the point where the valve is cut off. 
Consequently when J,, is smaller than 
the peak of the second harmonic current, 
the voltage output rises. The output 
voltage characteristic for a choke-input 
supply is shown in Fig. 3-57 (b). In 
order to prevent operation on the rising 
part of the characteristic I, must be 
equal to or greater than I> mar. Since 
Iq.< depends on the load and Ty mg, de- 
pends on the value of the inductance, the 
critical value of load resistance and filter 
inductance can be calculated by equating 
the expressions for [q., and Io may. 
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T on +Rr 
Aes 
Pa mae = 35 xX Quod 
. 2E maz 1 > AE nar 
7 R+R,~ 37 X20L 
- R+Rz S 3o0L 
If f = 60 c/s, then 
R+R, < 3X2X3.142 x60 L 
< 1131L 
In most cases PR, is small compared to 
R and 1131 can be replaced by 1000 to 
arrive at an approximate minimum value 
of load resistance Ri, to draw the 
critical current with a given inductance 


L. 


Tee an 


Thus, Rez S 1000L 

This resistor is used as a load resistor 
across the output of the power supply to 
draw a minimum current for constant 
output voltage conditions. For a given 
load resistance, the critical inductance 
Leris May be calculated from the same 
formula: 


Ligue = il 
1000 
where 
Lerit = critical inductance, in henries 
R = effective resistance of bleeder 


and load in ohms. 

5. D-C Ourput AND RIPPLE VOLTAGE 
Usine A DouBLE L-SECTION FILTER. 
In the circuit of Fig. 3-58 is shown a 

filter consisting of two inverted L-sec- 


tions. The ripple voltage for the first 
L-section has been calculated as 
4 Eas 1 
E, =X 


38n VQ) 4? DC, 
The voltage divides in the ratio of the 
impedances in the next section. Assum- 
ing Zep small in comparison with Zz», 


voltage across C2 is oa 


1 
me 2w Os 2w In 


.. He across Co 
— 4 Bane 1 1 
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X voltage applied. 
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x Xapplied voltage 
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Fic.3-58 Double L-section filter. 


Thus, the percentage ripple 


4 Ee 
= ee 8 
4 Emax ; 1 1 
= <—$————. X ——— X 100 
zs 37/2 ALC. 4c. 
) 2E pine x R 
us R+Rkytkrw. 
R+RyitRr 
= = 100 
94/2! DiTAC CR 


The d-c voltage output may be calcu- 
lated as follows. Ez.., which is the input 


to the filter, is 2H mer where Einar is the 
peak value of the input a-c voltage. This 
voltage is dropped by the total resist- 
ance R,;:1+Rz. of the inductors. Since 
the d-c current in milliamperes is the 
sum of J,, the bleeder current, and 
I toaa, the load current, 


.. the voltage drop across the inductors is 


(y+ dipaad 
1000 


The voltage drop across the valve Hy 
must also be taken into account. 


X (Rist R22). 


“. He, is given by 


2E maz _ (Ip +I toaa) (R11 + Rr) 1 ‘ie 
7 1000 


If the r.m.s. value of the input voltage 
E is known, then since Ena = V2, 
“ Ha, equals 

2V/2E eee (Lo+T toca) (Rri+ Rr2) Pe 

T 1000 


(Lp +I toaa)(Rrit Rr2) tl Hs 
1000 ; 


= 9h— 
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B. D-C Output Voltage of a Full-Wave 
Rectifier with 
Capacitor-Input Filter 

The behaviour of a capacitor-input 
filter cannot be derived from the wave- 
forms of the inductor-input filter since 
the current is not flowing at all times 
through the valves. Thus it cannot be 
considered that the valve forms a short 
circuit which effectively connects the 
input voltage to the filter. The circuit 
and waveforms of a full-wave rectifier 
with capacitor-input filter are shown in 
Fig. 3-59 (a) and (b) respectively. In 
this circuit experimental results are 
usually used in determining the output. 
In the valve manual a graph of output 
voltages at various load currents is shown 
for nearly every valve used. Fig. 3-60 
illustrates such a set of curves. 

However, a certain mathematical 
analysis can be performed which predicts 
the performance of the above circuit 
fairly well. If the first capacitor is large 
and the valve can withstand the high 
peak current necessary, the voltage 
across the capacitor €; max approaches 


Fra.3-59 Circuit and waveforms of a full-wave 
rectifier with capacitor-input filter. 
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D-c output volts at input to filter 
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Fia.3-60 Output voltages at various load 
currents. 


Ema. The amount by which ¢; maz is less 
than Ena: is designated by Ae. 
Hence €; maz = Emar— Le. 

The value of the voltage across the 
capacitor after it has discharged through 
the L-section filter and load RF is repre- 
sented by €: mm. In this filter section 
since L and C2 reduce the ripple current 
to a small value compared to the d-c 
current, the current may be assumed to 
be a steady d-c. Consequently the dis- 
charge of C, through L, C, and R is 


3.14 Questions and problems. 

1. Distinguish between L.T. and H.T. 
supplies to radio circuits. 

2. Name the common primary sources 
of power for power supplies. 

3. What voltage transformations are 

necessary in supplying the H.T. and 

L.T. to a transmitter from the d-c 

ships mains? 

Define rectification. 


Name three types of rectifiers. 


Explain why a diode rectifies an a-c 
current. 


ee 


= 
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linear. The decrease in voltage is then 
given by 
ciad ee Nae Lact 
€i mat Ci min es 


where ¢, is the time interval over which 
a valve is not conducting in each half 
cycle of the input supply voltage. 

Thus the d-c voltage across FR is the 
average Of ¢; mar aNd €;min less the d-c 
voltage drop across L. 


Ci Pe min 
te Bg = a aR 1. 


2 
Since, from the above equation, 
Ci min = ©1 mar — meds 
1 
or €i min a3 ei mar Tact 
2 2 2C, 
€i min 


then substituting for in the equa- 


tion for Ez, 


€i max Ci max Tact 
Ea Cena as er ak 


2 2 
e Rx) 


Since it is assumed that the capacitor 
charges nearly to the peak value, the 
conduction period of the valve must be 


small. Therefore t; = = and €; mez 18 


of 


nearly equal to Emaz. 


1 
0 Ea-c =e Enact lds Crm 


7. Draw a simple half-wave rectifier 
with the accompanying waveforms 
of input voltage, output voltage and 
output current. 


8. Define full-wave rectification. 


9. Draw the circuit and explain the 
action of a full-wave rectifier. 


10. Compare half-wave and full-wave 
rectification. 


11. Why is it necessary to use a filter 
after rectification in receiver and 
transmitter power supplies? 


12. 


13. 


14. 


15. 


16. 


‘7. 


18. 
19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


POWER SUPPLIES 


Define ripple in the output of a recti- 

fier. 

Where is 

(a) a capacitor 

(b) an induetor placed in a rectifier 
circuit in order to reduce the 
ripple? 

Describe the action of a simple capa- 

citor filter 

(a) from a physical viewpoint 

(b) from a mathematical viewpoint. 

Draw the waveforms of the output 

voltage and the current through the 

valve in a half-wave rectifier having 

a simple capacitor filter. 

With a given filter capacitor what 

is the effect on the ripple in the out- 

put when the frequency of the a-c 

input is increased? 

What are the effects of increasing the 

capacitance of the capacitor in a 

simple capacitor filter? 


Define percentage ripple. 
What is the percentage ripple in an 


output of 300V d-c if the peak 
ripple voltage is 15V? 


What are the advantages and dis- 
advantages of using an inductor 
rather than a capacitor as a filter? 
What fraction of the 120-cycle ripple 
fed to an L-section filter appears in 
the output if L = 20H andC = 8uF? 


Explain the action of a m-section 
filter from an impedance standpoint. 


Explain the term voltage regulation 
as applied to a power supply. 
Explain why a capacitor-input filter 
has poorer regulation than an in- 
ductor-input filter. 

Under what conditions may each of 
the two types be used? 

Why is a load resistor placed across 
the output terminals of a choke- 
input filter? 


27. 


28. 


29. 


30. 


dl. 


33. 


34, 


35. 


36. 


37. 
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What is the advantage of using a 
swinging choke in a choke-input filter? 
Give three reasons why a resistor 
may be connected across the output 
terminals of a power supply in 
parallel with the load. 

Calculate the resistance and wattage 
rating of a resistor which is to act 
as a load resistor in a power supply 
which delivers 250mA to a load at 
450V. 

If the above resistor is to be used as 
a voltage divider to supply 300V and 
50V to loads which draw no current, 
calculate the resistance of each of the 
parts into which the whole resistor 
must be divided. 

Recalculate the sizes of these parts 


if load currents of 75mA and 30mA 


are drawn from the 300V and 50V 
taps respectively. 


. Draw the circuit diagram of a re- 


ceiver power supply giving suitable 

values for the size of components 

where possible. 

What are the advantages and dis- 

advantages of a bridge rectifier cir- 

cuit over 

(a) a conventional full-wave recti- 
fier 

(b) a half-wave rectifier? 

Draw a bridge rectifier circuit using 

(a) valve symbols 

(b) metal rectifier symbols 

(c) an actual metal rectifier in which 
the four rectifiers are built in one 
unit. 

What is meant by peak inverse voltage 

and what is its significance in con- 

nection with metal rectifiers? 

Describe the construction of a copper 

oxide metal rectifier suitable for use 

in a power supply. 

Compare the three types of metal 

rectifiers under the headings 

(a) advantages 

(b) disadvantages. 
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38. 


39. 


40. 


41. 


42. 


43. 


44. 
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Where are mercury-vapour diodes 
commonly used and why? 


What is meant by cathode disinte- 
gration and what causes it? 


What precautions must be taken 
when using a mercury-vapour diode? 


What is meant by conditioning a 
valve and when should this be done? 


Draw the circuit diagram of a 
mercury-vapour-rectifier power 
supply. 

(a) Draw the diagrams of a full- 
wave and a half-wave voltage 
doubler. 

(b) When is each type of circuit 
usually used? 

(c) Explain the operation of each 
circuit. 


Why are voltage regulators neces- 
sary? 


45. 


46. 
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Name the different types of voltage 
regulators and list them according 
to the type of voltage changes which 
they can regulate. 

Draw the circuits and explain the 
operation of each type of voltage 
regulator. 


. Distinguish between the two types 


of vibrators. 


. Why is a timing capacitor necessary? 


Explain its action. 


. Name and draw the waveforms for 


three of the faults which may occur 
in a vibrator. 


. Draw the circuit for an r-f oscillator 


power supply. Explain why it is 
safer than a conventional iron-core 
transformer type of rectifier power 


supply. 


CHAPTER IV 


THE TEST OSCILLOSCOPE 


A description of the construction of the 
cathode-ray tube is given in Chapter I. 
This tube is widely used in electronic test 
equipment, radar displays and television. 
Cathode-ray tubes are divided into two 
types, electrostatic and electromagnetic 
depending on the method of deflection 
used. Electrostatic deflection is com- 
monly employed in test oscilloscopes. 
The following section is devoted to a 
description of the auxiliary circuits 
which control the c.r.t. in a simple type 
of oscilloscope containing a three-inch 
cathode-ray tube. 

4.1 C.r.t. control circuits. 


A. The Electron Gun 


The electron beam is produced by the 
electron gun which is located at the neck 
of the c.r.t. and which consists of the 
cathode, control grid, focusing anode 
and accelerating anode (Fig. 4-1). These 
electrodes receive operating potentials 
from a voltage divider R:—R; connected 
across a d-c power supply. The supply 
voltage of approximately 600V is con- 
nected to ground at the positive terminal. 
All electrodes except the accelerating 
anode therefore receive negative poten- 
tials. In this way, the accelerating anode 
is operated at a high positive voltage 
with respect to the cathode, but is at 
ground potential to avoid modulation of 
the electron beam by electrostatic inter- 
ference. The electron beam passes first 
through the control grid which is the 
most negative electrode in the tube. The 
number of electrons passing through the 
aperture in the control grid is determined 
by the grid-to-cathode potential. This 
potential can be varied by the intensity 


or brilliance control, Rs, and in this way 
the brightness of the spot of light:on the 
screen can be regulated. 

The sharpness of the spot of light on 
the screen can be varied by means of 
the focus control Ry. Since there is some 
interaction between the focus and inten- 
sity controls, R2 and R; should be 
adjusted together for sharpest focus. 
Optimum focusing is most easily obtained 
when the beam current is small. The 
fixed resistors Ri, R3 and R, are used to 
set the operating potential of the cathode 
and to limit the range of potentials 
over which R» and FR; can operate. 


B. Electron-Beam Positioning Circuits 


The circuit shown in Fig. 4-2 is called 
an unbalanced beam-positioning circuit 
because one of the vertical-deflection 
plates and one of the horizontal-deflec- 
tion plates are at ground potential. The 


Intensity control 


O —600V 


Fia.4-1 Electron beam control circuits. 
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Fic.4-2 Electron beam positioning circuits. 


centering voltages are applied to the 
other plate of each pair. As a result, the 
d-c voltages on the deflection plates 
are unequal. 

The horizontal-centering control R¢ is 
connected to a source of approximately 
+100 volts at one end and —100 volts 
at the other end. Ground potential is 
midway between these extremes. When 
the variable tap of R, is set at the centre, 
the potential applied to the left X-plate 
is zero and the electron beam is not 
deflected to right or left of centre. If 
the variable tap of Rs is moved upward 
a positive potential is applied to the 
left X-plate. This attracts the electron 
beam causing it to strike the screen to 
the left of centre. When the tap is 
moved below centre, a negative potential 
is applied to the left X-plate and the 
electron beam is deflected to the right 
of centre. By adjustment of R, the 
spot of light may be directed to any point 
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Fia.4-3 Signal circuits. 


along a horizontal line from the extreme 
left to the extreme right side of the c.r.t. 

The vertical-centering control R7 re- 
ceives its potential from the same source 
as Rs. This control is used to apply a 
positive or negative potential to the 
upper Y-plate for vertical centering. By 
employing both the horizontal- and ver- 
tical-centering controls, the electron beam 
may be directed to any point on the 
fluorescent screen. 


C. A-C Signal-Voltage Circuits 


In addition to the d-c centering poten- 
tials, a-c voltages may be applied to one 
of each pair of deflection plates. Horzzon- 
tal deflection of the beam is accomplished 
(Fig. 4-3) by applying an a-c signal 
through C, across Rio to the left X-plate. 
During the positive half of this cycle, 
the electron beam is attracted to the left 
of centre and during the negative half of 
the cycle it is repelled to the right of 
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centre. The beam is therefore swept 
progressively from one side of the screen 
to the other. If the frequency of this 
sweep voltage is increased above about 
10 cycles per second, the spot of light 
on the face of the c.r.t. begins to appear 
as a horizontal line. This is due partly 
to the persistence of vision of the human 
eye which cannot distinguish separate 
images that recur more frequently than 
about 30 times per second. The persistency 
of the fluorescent screen of the c.r.t. is 
also a factor in causing the rapidly 
moving spot of light to appear as a 
continuous line or trace. 

Vertical deflection of the beam is 
accomplished in a similar way by apply- 
ing an a-c signal through C2 across Ry 
to the upper Y-plate. Such a signal 
causes a vertical trace to appear on the 
face of the tube when no _ horizontal- 
deflection signal is applied to Cy. C3 
and C4 are by-pass capacitors which 
prevent a-c voltages from appearing 
across R, and R;. 

4.2 The sweep voltage. One of the 
most extensive uses of the cathode-ray 
oscilloscope is for the observation of 
voltage waveforms in electrical circuits. 
A graph of an a-c voltage waveform with 
voltage plotted vertically and time plotted 
horizontally may be produced on the 
screen of the tube. Such a graph or 
oscillogram is shown in Fig. 4-4. 

To represent time horizontally on the 
c.r.t. screen, a sweep voltage is applied 


Fic.4-4 Oscillogram of an a-c voltage. 
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Fia.4-5 Oscillogram produced when a saw- 
tooth sweep voltage is applied to the horizontal- 
deflection plates. 


to the X-plates. This sweep voltage 
causes the electron beam to be deflected 
across the tube from left to right in a 
continuous uniform motion. When the 
electron beam reaches the right side of 
the screen it is made to fly back almost 
instantaneously to the left side of the 
screen to begin the next sweep. This 
motion is described as the linear sweep 
or time base of the cathode-ray tube. 
The waveform of the sweep voltage is 
illustrated in Fig. 4-5. This waveform is 
called a sawtooth voltage. The circuit 
which produces such a voltage is referred 
to as a sawtooth generator or linear 
time base. 

At time 0 the spot is at the left of the 
screen. The voltage applied to the 
deflection plates increases and this causes 
the spot to move across the screen. As 
the sweep voltage continues to increase 
at a uniform rate, the spot continues to 
move across the screen uniformly. When 
position 8 is reached the sweep voltage 
almost instantaneously is made to return 
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to its initial value. Therefore the spot 
flies back to the left side of the screen 
and is ready to begin its uniform motion 
across the screen when the sweep voltage 
is re-applied. 

It should be remembered that the 
electron stream strikes the screen at 
only one point at any instant. Many 
individual spots of light are produced on 
the screen in such rapid succession and 
so close together that the eye is incapable 
of distinguishing them separately. More- 
over, the pattern is retraced on the screen 
so frequently that it appears as a con- 
tinuous trace. 

If a sinusoidal voltage is now applied 
to the Y-plates and the linear sawtooth 
voltage is applied to the X-plates the 
spot is deflected both vertically and 
horizontally at any instant. The com- 
bined effect is shown in Fig. 4-6 and a 
sinusoidal waveform is produced on the 
screen of the cathode-ray tube. 

4.3 The simple sweep circuit. The 
simple sweep circuit (Fig. 4-7) used to 
develop a linear sawtooth voltage em- 
ploys a thyratron valve. The variable 
resistor & is connected in series with the 
valve across the supply voltage. The 
sweep capacitor C is connected in parallel 
with the valve. The grid is biased 


Voltage on Y-plates 


Voltage on X-plates 


Fi1g.4-6 Production of sine wave on c.r.t. 
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Fic.4-7 Simple sweep circuit. 


—H.AT. 


negatively with respect to the cathode 
by the bias battery. 

When the H.T. is applied electrons 
flow into the lower plate of the capacitor 
C making it negative. The electron flow 
from the upper plate of C through R 
causes a rising positive potential on this 
plate. The rate at which this voltage 
rises is determined by the time constant 
of Cand R. The potential on the anode 
of the valve is the same as that on the 
charging capacitor. When this potential 
has risen to about 10 times the negative 
grid voltage, ionization occurs in the 
gas which fills the valve. The valve 
then conducts heavily and the sweep 
capacitor discharges rapidly through the 
valve. This causes the voltage across 
the capacitor and hence the anode poten- 
tial to fall almost instantaneously. When 
the anode potential has fallen to the 
de-ionization potential, the valve stops 
conducting, the sweep capacitor begins 
to charge again and the cycle is repeated. 
The variation in voltage across the sweep 
capacitor is shown in the graph of Fig. 
4-8. The charging period ab is part of 
an exponential curve rising toward the 
supply potential. Ionization is made to 
occur when the anode voltage has risen 
to about 10% of the total supply voltage. 
Over this part of the curve the voltage 
rises at a uniform rate for practical 
purposes. The de-ionization period is 
indicated by be when the voltage across 


THE TEST OSCILLOSCOPE 


= 
sae] 


Anode voltage 


Time 


Fie.4-8 Graph showing variation in voltage 
across the sweep capacitor C of Fig. 4-7. 


the sweep capacitor falls abruptly. This 
sawtooth waveform of voltage is applied 
to the grid of a resistance-capacitance 
coupled Class A amplifier. The output 
voltage (Fig. 4-9) is amplified and inver- 
ted. It is applied to the left X-plate of 
the c.r.t. to produce the linear sweep 
and flyback. 

_ The time required to complete a sweep 
depends upon the rate of charge of the 
sweep capacitor. Therefore, the sweep 
frequency can be adjusted by making C 
or R variable. If either of these is 
increased the rate at which C’ charges 
is reduced. The sweep takes place more 
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Fic.4-9 Output voltage of sweep circuit of 
Fig.4-7. 


Fia.4-10 Sweep circuit with coarse and fine 
control of sweep frequency. 


slowly and so the sweep frequency is 
reduced. To provide a range of sweep 
frequencies, it is common practice to 
include several capacitors of different 
sizes in the circuit. These are selected 
by the sweep-selector switch S which is 
the coarse control on the sweep frequency 
(Fig. 4-10). Fine control of the sweep 
frequency is then provided over each 
band by the variable resistor R. 

4.4 Synchronization of sweep circuits. 
If the pattern on the screen is to remain 
stationary the start of the sweep must 
always occur at the same time in each 
cycle of signal voltage. The period of the 
sweep must be exactly equal to the 
period of the signal or some whole mul- 
tiple thereof. When this occurs the 
sweep is said to be synchronized with 
the input voltage. If the period of the 
sweep differs slightly from the period 
of the signal voltage, the pattern will 
drift across the screen of the oscilloscope, 
as illustrated in Fig. 4-11. The signal 
voltage shown is a sine wave of period 
slightly longer than the period of the 
sawtooth sweep. In the pattern shown 
in (a), only the part of the sine wave 
included between 0 and 1 will appear. 
On the second sweep the part between 
1 and 2 will show, but since it differs 
from the part shown in (a), a slightly 
different picture will appear on the 
screen. In succeeding sweeps the picture 
will continue to change as shown in the 
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Fia.4-11 Drift of oseillogram pattern resulting from period of signal being greater than period of sweep. 


diagram. The peak of the sine wave in 
each succeeding diagram is shifted some- 
what to the right and as the sequence 
continues the pattern appears to travel 
across the screen from left to right. The 
speed at which the pattern appears to 
move depends upon the difference in 
frequency between the signal and the 
sweep. 

Similarly if the period of the sawtooth 
sweep is longer than the period of the 
input signal the pattern appears to travel 
across the screen from right to left. 

Sometimes it is desirable to observe 
more than one cycle of the signal on the 
screen. In this case the sweep must be 
synchronized at some frequency which 
is a sub-multiple of the signal frequency. 
If the sweep frequency is exactly one-. 
half the signal frequency, two cycles of 
the sine wave will appear on the screen. 
If the flyback time is neglected, the 
number of complete cycles appearing on 
the screen is equal to the signal frequency 
divided by the sweep frequency. 

The sweep frequency may be syn- 
chronized with the signal frequency by 
applying a small voltage of the signal 
frequency to the grid of the thyratron. 
The repetition rate of the sweep is then 
locked with the signal frequency. Syn- 


chronization depends on the fact that 
the anode voltage which produces 
ionization in the thyratron varies in- 
versely with the voltage applied to the 
grid as illustrated in Fig. 4-12. Fig. 
4-13 shows a thyratron sweep circuit 
with provision for synchronization. 
The waveforms in Fig. 4-14 show the 
operating conditions of the thyratron 
and the effect of the synchronizing 
voltage on the sweep. With steady 
, bias, ionization would take place at A. 
When part of the signal voltage is 
applied to the grid, the valve fires at a 
lower voltage B, because the grid has 
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Frq.4-12 Graph showing effect of varying grid 
voltage on anode firing potential. 
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Fic.4-13 Thyratron sweep circuit with pro- 
vision for synchronization. 


been made less negative by the syne. 
voltage. The following sweep ends at D 
instead of C so that the period of the 
sweep is forced to be exactly the same 
duration as the period of the signal and 
a steady pattern will appear on the 
screen of the oscilloscope. 

When using an oscilloscope the amount 
of synchronizing voltage employed should 
be a minimum. If the sync. control is 
turned too high, the pattern on the 
screen may be distorted. This is illus- 
trated in Fig. 4-15. The use of a larger 
syne. voltage gives rise to larger varia- 
tions in anode firing potential. The 
voltage across the valve rises from A to 
B. The valve fires at B and the sweep - 
voltage drops to C. The voltage across 
the valve rises again and the valve fires 
at D. The voltage across the valve 
drops to £ and starts to rise again. The 
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Fic.4-14 Operating conditions of thyratron 
with synchronizing voltage applied to grid. 
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Fia.4-15 Distortion resulting from excessive 
synchronizing voltage. 


sweep has been started at points C and 
E or twice in one cycle of the signal 
voltage. The pattern on the screen 
becomes disjointed and a continuous 
picture of the waveform cannot be 
obtained. In practice, the synchroniza- 
tion control should be turned to zero 
and the frequency of the sweep should 
be adjusted by the fine frequency control 
to achieve maximum stability of the 
pattern. If after adjustment, there is 
still a tendency for the pattern to drift 
across the screen, it may be stabilized 


*by turning up the synchronization con- 


trol just enough to stop the motion of 
the pattern. 

4.5 A simple test oscilloscope. The 
block diagram of a simple oscilloscope 
for test purposes is shown in Fig. 4-16. 
A three-inch cathode-ray tube is used in 
an unbalanced circuit. One of each pair 
of deflection plates is connected to 
ground. The sweep generator produces 
a sawtooth output voltage which is 
amplified by the horizontal-deflection 
amplifier and applied to the left X-plate 
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Fic.4-16 Block diagram o1 simple test oscilloscope. 


of the ¢.r.t. Provision is also made for 
applying an external sweep voltage 
directly to the left X-plate or through 
the horizontal-deflection amplifier to 
this plate. The vertical input signal 
may be applied directly to the lower 
Y-plate or through the vertical-deflec- 
tion amplifier to the Y-plate. A single 
transformer feeds two separate rectifier 
circuits. The high-voltage rectifier 
supplies H.T. to the cathode-ray tube 
circuits. The other rectifier supplies H.T. 
to the sweep generator and amplifiers. 
A detailed circuit diagram of the 
oscilloscope is shown in Fig. 4-17 and a 
description of its operation follows. 


A. Power Supplies 


The oscilloscope is turned on by the 
on-off switch S; in the primary circuit 
of the power transformer 7}. This switch 
is incorporated in the intensity control. 
V, is a diode valve connected in a con- 
ventional half-wave rectifier circuit with 
its positive side connected to ground. A 
negative voltage of about 600 volts is 
developed across the filter capacitor C1, 
to supply the control voltages to the 
c.r.t. A separate secondary winding on 
the power transfoimer supplies V2 in a 
standard full-wave rectifier circuit. The 


filter is a pi-section capacitor input 
filter consisting of C13, Cig and Ji. 
Since the output is taken from the 
cathode of the valve, it is positive with 
respect to ground. This rectifier supplies 
about 300 volts to the sweep generator 
and amplifiers. Low-tension supplies 
for the heater of the e.r.t. and other 
valves are provided by two additional 
secondary windings on 7’. 


B. Cathode-Ray Tube Controls 


The negative voltage from the c.r.t. 
power supply is applied across the vol- 
tage divider Ris, Riz, Ris, Ris, Reo. 
The cathode is connected to a fixed 
voltage point between Rig and Reo. 
The grid is connected through R2 to 
the InTENsITY control Roo. The farther 
the variable tap is moved from the 
cathode end, the more negative the grid 
becomes with respect to the cathode 
and the fewer the electrons which are 
allowed to pass through the tube. There- 
fore Reo serves to control the brilliance 
or intensity of the trace on the screen. 
Ris is also a front panel control marked 
Focus. It is used to control the voltage 
on the first anode and hence the focus 
of the electron beam. The second anode 
is the accelerating anode. It operates 
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at ground potential and is several hun- 
dred volts positive with respect to the 
cathode and control grid. Ris is the 
HorizontaL CrenterinG control. Its 
upper end is connected to a voltage 
divider Riz, Ris, Ris from +300 volts 
to ground and is therefore positive. The 
lower end is connected to the negative 
voltage divider Ri;— R20 and is therefore 
negative. &,, may therefore be used 
to shift the trace to the right or left of 
centre. The VERTICAL CENTERING 
control R,5 operates in a similar manner 
to control the voltage on the lower 
deflection plate. This permits the trace 
to be shifted up or down on the screen. 


C. Sweep Generator 


A thyratron sweep circuit is used to 
provide a sawtooth waveform of voltage 
to the left plate of the c.r.t. The Swrrp 
FREQUENCY control S; selects the sweep 
frequency capacitor. The smaller the 
sweep capacitor, the more rapidly it 
charges and the faster the beam is swept 
across the screen. Fine control of the 
sweep frequency is provided by the 
SweEep VeRNIER control R;. It pro- 
vides a continuous variation of the rate 
at which the sweep capacitor charges 
over each range selected by S83. Re 
is a limiting resistor to limit the flow 
of grid current in the thyratron. R, 
is the cathode bias resistor, part of the 
voltage divider R3, Rs, R7z across the 
H.T. supply. 

A synchronizing voltage may be applied 
to the grid of the thyratron from any 
one of three sources selected by So. In 
the first position the syne. comes from 
the binding post marked ExtTerNaAL 
Sync. In the second position the sync. 
is a sine wave of voltage from one side 
of the 6.3-volt filament winding on the 
power transformer. This locks the sweep 
in with the line frequency, usually 60 
cycles per second. In the position marked 
INTERNAL the sweep frequency is made 
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equal to, or a sub-multiple of, the 
signal frequency. This keeps the pattern 
from drifting across the screen. The 
sync. voltage is obtained from the voltage 
divider R22, R23 across the input to the 
lower deflection plate. R: is the SyN- 
CHRONIZING control on the front panel. 
It is adjusted so that the pattern remains 
stationary. 


D. Horizontal-Deflection Amplifier 


The sweep amplifier employs a tetrode 
valve connected as a triode in a Class A 
amplifier circuit. The sweep voltage 
from the thyratron is applied through 
Cs, across Ry to the grid of V4. The 
output is amplified and inverted, Fig. 
4-18 (a) and (b). It is applied through 
C’; to the left deflection plate of the c.r.t. 
The cathode resistor Rio is not by- 
passed. This introduces a measure of 
degeneration which maintains a fairly 
linear output voltage over a wide range 
of input signal amplitude. The sweep 
selection switch S,4 connects the output 
of the sweep amplifier to the deflection 
plates when in the position marked 
Linear. When switched to B.P. an 
external sweep may be applied from the 
external binding posts to the left X- 
plate. If S,4 is switched to 60 c/s a sine 
wave at the line frequency is applied 
from the power transformer through 
Cy to the sweep plate of the c.r.t. The 
sweep is then not linear, but moves 
sinusoidally from left to right and returns 
at the frequency of the power input. 

The horizontal-amplifier ON-OFF 
switch is ganged with the sweep frequency 
switch. If it is desired to amplify the 
external sweep voltage from the binding 
post, the sweep amplifier switch is put 
to the ON position and the sweep selector 
switch Sy is set to LINEAR. 

The length of the trace may be ad- 
justed by means of the HorizonTan 
Gain control. It allows the whole or 
any part of the voltage from the sweep 
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amplifier to be applied to the left 
deflection plate. The by-pass capacitor 
Cis prevents the sweep voltage from 
modulating the voltage across Ri;s—Reo 
and interfering with the normal opera- 
tion of the vertical centering, focus and 
intensity controls. 


E. Vertical-Deflection Amplifier 


The amplifier for the vertical deflec- 
tion signals to the Y-plates is a Class A 
amplifier using a pentode valve V;; the 
input from the binding post is applied 
through Ci, and the VERTICAL GAIN 
control R27 to the grid of the valve. The 
output from the anode is applied through 
the On-OFrF switch in the On position 
and through Cy, to the lower Y-plate. 
When the vertical amplifier switch is 
turned to the Orr position the signal 
is applied through C,> without ampli- 
fication to the deflection plate. The 
cathode is biased down by the voltage 
divider Ri3, Res and Ree across H.T. 
The screen also receives its potential 
from this voltage divider. 25 is the 
anode load resistor for this valve. C16 
is a by-pass capacitor which by-passes 
vertical deflection signals from R16. 

Rs and C,7 from the anode of the 
thyratron V3; to the grid of the e.r.t. 
provide a means of making the retrace 
or fly-back invisible on the c.r.t. This 
circuit operates at the end of the sweep 
when the thyratron is fired to provide 
the fly-back. The sudden discharge of 
the sweep capacitor through the valve 
causes the anode voltage to fall abruptly. 
This negative voltage is coupled through 
Rs, C17, across Re, to the grid of the 
c.r.t. It cuts off the electron stream in 
the c.r.t. during the retrace time. Cuz 
has a very small capacitance so that the 
time constant of Rs, Ci; and Rai is 
small. This allows Ci; to charge gra- 
dually during the forward sweep without 
causing any appreciable variation in the 
intensity of the beam. Fig. 4-18 (c) 


Retrace time 


Sweep time 


+ 


Output of ea Vinh > i 
V; to grid \| A 
of Va 


Output of 
Vi to left 
X-plate 


0 


Retrace 
blanking 
voltage to 

grid of c.r.t. 


(c) 


Fic.4-18 Output waveforms of V3 and V4, in 
Fig. 4-17. 
shows the waveform of the voltage which 
blanks out the retrace. 

4.6 Double-beam oscilloscopes. 
Single-beam oscilloscopes are used for 
the study of a single waveform at one 
time. However, two waveforms can be 
displayed on the tube using a single- 
beam oscilloscope if an electronic switch 
is put into the circuit. The waveforms 
to be compared are applied to the switch 
which then alternately applies sections 
of the waves to the single-beam oscillo- 


scope. The eye sees two waveforms on 
the tube face. 
However, this is an inconvenient 


arrangement since two units are required. 
Double-beam oscilloscopes have been 
developed to achieve the same result. 
Separate waveforms are applied to the 
double-beam oscilloscope. Each passes 
through a separate amplifier channel 
and is displayed separately on the screen. 
The time base of the two waves is the 
same so that they may be compared. 
The double beam is obtained by plac- 
ing a screen between the Y-plates to 
split the focused beam as it leaves the 
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final anode, the splitter plate itself being 
directly connected to the final anode 
within the tube. Each Y-plate thus 
affects one half of the beam indepen- 
dently to provide the two vertical traces. 
Because of this construction, the two 
voltages, if they are electrically in phase, 
deflect the beams to display the wave- 
forms as 180 degrees out of phase on 
the scope. To have the waveforms 
displayed in the correct relationship, a 
phase inverter is inserted in the amplifier 
circuit feeding one of the plates. The 
X-deflection plates provide the usual 
horizontal deflection and are common 
to both beams. The double-beam 
oscilloscope makes it possible to compare 
two waveforms simultaneously without 
phase delay or frequency limitations. 
The advantage of the double-beam 
oscilloscope becomes evident in making 
frequency comparisons, phase shift mea- 
surements and distortion analyses. 

If it is required to compare frequencies 
which are relatively close, for example, 
the output from two oscillators one of 
which is under test, then a double-beam 
tube can be used most effectively. A 
stationary wave from the standard oscil- 
lator is displayed upon the screen and 
the second wave from the oscillator 
under test is superimposed upon it. 
Differences in frequency are indicated 
by the second wave moving horizontally 
with respect to the first. The period of 
the difference in frequency may be 
measured with a stop watch. 

The phase difference between two 
waveforms of equal frequency may be 
measured by superimposing the waves 
on the double-beam tube. A graticule 
(scale) placed in front of the screen 
measures the phase difference by measur- 
ing the distance between corresponding 
peaks of the two waves and taking that 
as a fraction of the total wavelength. 

Distortion that is put into a voltage 
wave by an amplifier can be observed 
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F1a.4-19 Oscillogram produced when a sinu- 
soidal alternating voltage is applied to X-plates. 


by displaying the input and the output 
waveforms on a double-beam tube. 
Superposition of the waves for compari- 
son is assisted by having amplifiers in 
each of the two plate circuits. Care 
must be taken that distortion is not 
introduced by the amplifiers of the 
oscilloscope. 


4.7 Lissajous figures. 


A. Fundamental Patterns 


A Lissajous figure is a pattern traced 
out on an oscilloscope screen when a-c 
voltages are applied to both the horizon- 
tal- and vertical-deflection plates. Exam- 
ination of the pattern which appears on 
the screen provides a very satisfactory 
method for determining the frequency 
and phase relationships between the 
two voltages. 

The simplest type of Lissajous figure 
is produced when the frequency ratio 
is 1:1, that is when the frequency of the 
signal applied to the vertical plates is 
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the same as the frequency of the signal 
applied to the horizontal-deflection 
plates. 

If a sinusoidal alternating voltage 
(Fig. 4-19) is applied to the X-plates 
while the Y-plates are grounded, a 
single horizontal line appears on the 
screen. At zero voltage the spot of light 
is at the centre of the screen. A moment 
later marked 1, the spot has moved to 
the right. After one-quarter of a cycle, 
it is at the right-hand side of the screen, 2. 
Then as the voltage decreases, the spot 
of light retraces this path to the centre 
point. During the negative half cycle the 
spot moves from 4 to 6 and back to 0 
again. If the frequency of the alternating 
voltage is sufficiently high, the pattern 
appears as a continuous horizontal 
straight line. 

Similarly, if a sinusoidal alternating 
voltage is applied to the vertical-deflec- 
tion plates while the horizontal-deflection 
plates are grounded, a single vertical 
line appears on the screen. 

If alternating voltages of the same 
frequency and amplitude and in the 
same phase are applied to the horizontal- 
and vertical-deflection plates a single 
oblique line making an angle of 45° with 


Fic.4-20 Oscillogram produced when sinu- 
soidal alternating voltages of same frequency, 
amplitude and phase are applied to X- an 
Y-plates. 
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Fic.4-21 Phase-splitting circuit. 


the X- and Y-axes appears on the 
screen (Fig. 4-20). 

When the voltages applied to both X 
and Y plates are zero, the spot is at the 
centre of the screen. A moment later, 
marked 1, the spot has been moved 
upward by the voltage on the Y-plates 
and to the right by the voltage on the 
X-plates. After one-quarter of a cycle 
it is at the upper right-hand corner of 
the screen marked 2 and during the 
remainder of the cycle moves through 
points 3, 4, 5, 6, 7, 0 in succession. Thus 
the combination of two equal voltages in 
the same phase and of the same fre- 
quency results in a straight line making 
an angle of 45° with the X- and Y-axes. 

If the two voltages are of the same 
frequency and phase but of unequal 
amplitudes a straight line appears at 
some angle other than 45°. The line is 
tilted toward the axis to which the 
greater voltage is applied. 


B. Phase Determination 


By means of the phase-splitting circuit 
shown in Fig. 4-21, phase shifts from 15° 
to 170° can be obtained. If R is adjusted 
so that there is a phase difference of 90° 
between the sine wave voltage applied 
to the vertical- and horizontal-deflection 
plates the pattern on the screen is a 
circle. This is illustrated in Fig. 4-22. 

At 0 the horizontal deflection voltage 
is zero but the vertical deflection 
voltage is a maximum and the spot of 
light appears at the top of the screen. 
During the next quarter cycle the hori- 
zontal deflection voltage increases to a 
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Fia:4-22 Oscillogram produced when sinusoidal 
alternating voltages of same frequency and ampli- 
tude but differing in phase by 90° are applied 
to X- and Y-plates. 


maximum and the vertical deflection 
voltage decreases to zero. The spot of 
light moves successively through points 
1, 2, 3, 4, 5, 6, 7, 0, to trace out a circle 
on the screen. If the amplitudes of the 
voltages applied to the vertical- and 
horizontal-deflection plates are unequal 
an ellipse appears instead of a circle. 
The circuit shown in Fig. 4-21 is usually 
modified as shown in Fig. 4-23 to include 
potentiometer R,. This permits adjust- 
ment of the relative amplitudes of vertical 
and horizontal deflection voltages. 

If sine wave voltages. of the same 
frequency and amplitude are applied to 
vertical- and horizontal-deflection plates 
and the phase difference between them 
is varied from 0° to 360° a series of 


EL es 


Fia.4-23 Phase-splitting circuit with provision 
for varying the relative amplitudes of voltages. 


es 
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Lissajous figures similar to those shown 
in Fig. 4-24 is produced. 

When the voltages are exactly in 
phase, Fig. 4-24 (a), the trace is a 
straight line which makes an angle of 
45° with the axes. As the phase dif- 
ference is increased, the straight line 
opens into a broadening ellipse. When 
the phase difference is 90°, Fig. 4-24 (d), 


Phase 
difference 


0° 
or 
360° 


3 32% 


Voltage on Y-plates 


180° 


Fra.4-24 Lissajous figures. 


THE TEST OSCILLOSCOPE 


Known 


frequency |__| Amplijier 


Fia.4-25 Block diagram of arrangement for 
determining complex frequency ratios. 


the ellipse becomes a circle. As the 
phase difference is increased from 90° 
to 180° the circle becomes an ellipse and 
the ellipse closes to a straight line but 
the line makes an angle of 135° with 
the positive direction of the X-axis. 
Observation of the Lissajous figures pro- 
duced by two voltages provides a simple 
method for determining the phase angle 
between them. 
C. Frequency Determination 

1. ComPpLETED-Loop Mrrnuop. 

Lissajous figures provide an excellent 
means for determining the frequency 
ratio of two alternating currents. It is 
the simplest method for determining 
complex frequency ratios. A_ block 
diagram of the basic circuit used for 
this purpose is shown in Fig. 4-25. 
Fig. 4-26 represents a very simple 
example of the pattern produced by two 
sine wave voltages which differ in fre- 
quency. The voltages applied to the 
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Fia.4-26 Oscillogram produced by two sine 
wave voltages differing in frequency. 
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Fic.4-27 Variation in oscillogram pattern with 
changes in phase. 


X-and Y-plates are of equal amplitude, 
in phase with each other at time 0 but 
differ in frequency in the ratio of 1:2. 
A figure 8 pattern is obtained. 

In examining Lissajous figures it is 
helpful to consider them to be a side 
view of a pattern traced on a transparent 
cylinder on which the observer may 
view the whole wave at all times as it 
travels around the cylinder. The pattern 
on the cylinder may appear to rotate as 
a result of changes 1n the relative phases 
of the two voltages. Fig. 4-27 illustrates 
some of the patterns obtained for a 
frequency ratio of 1:2. The actual 
frequencies are not important as long 
as the frequency of the voltage applied 
to the Y-plates is twice that applied to 
the X-plates. If the two voltages are 
not in phase the pattern changes as 
shown in Fig. 4-27 (a), (b) and (c). When 
the phase difference is 90° the pattern 
closes'as in (b). If the phase difference 
is greater than 180° the patterns are 
inverted as in (c). 
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do not fall upon each other in the pattern. 
If the trace of Fig. 4-28 (i) is followed, 
it is necessary to go across the screen 
and back again twice before the trace 


The common feature of all these 
patterns which provides a method for 
determining the frequency of an un- 
known signal is that the vertical line 
AB or A’B’ is tangent to the pattern 


at one point while the horizontal line 

AA’ or BB’ is tangent to the pattern 

at two points indicating the ratio 1:2. 

This is true even for the line A A’ in (b) 
1 
(b 


since the trace passes the point of a 


tangency twice during each cycle. The (a) 5) 
rule for frequency determination may be 
stated as follows: 
Frequency of voltage applied to X-plates 
Frequency of voltage applied to Y-plates 
No. of points at which the pattern is 7m d) 


tangent to a vertical line 


~ No. of points at which the pattern is 
tangent to a horizontal line. 

Thus, in frequency determination tests, 

a voltage of known frequency is applied 


to the X-plates while the unknown (e) 
voltage is applied to the Y-plates. The 

Lissajous figure is observed and the un- 

known frequency is determined by sub- 

stitution in the above formula. For 

example, in Fig. 4-28 (d) the pattern 

touches the vertical line at two points (9) 
and the horizontal line at three points. ® £2 
ieee 

ji, 3 

If the known frequency applied to the 
X-plates is 500 ¢/s then the unknown 
frequency (f,) is obtained by solving 
the equation 


SR 


Hence, 


500 _ 2 
fu 3 
ig == 750 


Therefore the unknown frequency 
is 750 ¢/s. 

In a similar manner, the ratio of the 
apphed frequencies for each of the pat- 
terns indicated in Fig. 4-28 may be 
determined. When one frequency is not 
an integral multiple of the other, the 


successive cycles of the lower frequency Prieta co method of frequency - 
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begins to repeat itself. This is called a 
two-line pattern and has a frequency 
ratio of 2:9. The vertical frequency is 
therefore 45 times the horizontal 
frequency. The same analysis shows 
that in Fig. 4-28 (j) three cycles of the 
horizontal frequency are completed be- 
fore the pattern begins to repeat and 
this is therefore a three-line pattern with 
a frequency ratio of 3:16. 

When the pattern is very complex it 
becomes difficult to count the number of 
peaks and end loops on the screen due to 
the apparent rotation of the pattern. 
This handicap may be overcome by 
photographing the image on the screen. 
Since the usual green image does not 
photograph well, special cathode-ray 
tubes are available which have a chemi- 
cal coating on the screen that produces 
a blue image. The blue has a much 
higher actinic value and the length of 
time required for proper film exposure is 
reduced considerably. 


2. UNCOMPLETED-Loop MeErTHOD. 


This method uses Lissajous figures 
which are produced when sawtooth volt- 
age waveforms are applied to the X- 
plates and sine wave voltages to the 
Y-plates. When the frequency of the 
voltage applied to the Y-plates is a 
simple multiple of the sweep frequency 
the frequency ratio is easily determined 
as shown in Fig. 4-29. Fig. 4-29 (f) 
illustrates the pattern produced when 
the frequency ratio is 2:3. At the end of 
the first sweep one and one-half cycles 
have been traced on the screen. At this 
instant the spot of light jumps back to 
the left-hand side of the screen. During 
the next sweep the succeeding one and 
one-half cycles are traced out to form 
the pattern illustrated. 

Fig. 4-30 represents the patterns 
produced when the frequency ratios are 
larger. The frequency ratio can be 
determined from the following formula: 


loa [y/ 


Det 1:2 
(a) (b) 
1:3 1:4 
(c) (d) 
1:5 2:3 
(e) f) 


Fic.4-29 Uncompleted-ioop method of fre- 
quency determination. 


Frequency of sweep 


Frequency of voltage applied to Y-plates 
_ No. of times line AB is intersected 


~ No. of points at which the pattern is 
tangent to a horizontal line. 


These patterns are convenient for 
calibrating a linear sweep but in general 
the completed-loop pattern is preferable 
to the uncompleted-loop pattern for 
frequency determination. 


4.8 Uses of the cathode-ray oscillo- 
scope. Several applications of the oscil- 
loscope in monitoring and testing circuits 
are discussed in the preceding sections. 
The visual observation of voltage and 
current waveforms is a valuable aid in 
understanding the operation of oscillators, 
amplifiers, rectifiers and modulators. 
The oscilloscope permits the accurate 
measurement of frequency. The vertical 
pattern produced by the unknown fre- 
quency is in effect compared with the 
known horizontal sweep frequency. The 
oscilloscope is also useful in determining 
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4:5 


47 


Fic.4-30 Uncompleted-loop method of  fre- 
quency determination when frequency ratios 
are large. 


the phase relationships between voltage 
and current in alternating current circuits. 
Other uses of the oscilloscope are 
described in the following paragraphs 
and in subsequent chapters. 

The cathode-ray tubes that employ 
electrostatic deflection are voltage- 
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operated instruments. The amount of 
deflection of the electron beam on the 
screen is proportional to the deflecting 
voltage. Hence the tube may be used as 
a voltmeter for either a-c or d-c measure- 
ments. However, since both the range 
of voltage and the accuracy of indication 
are less than that available in commercial 
d-c voltmeters, the oscilloscope is not 
widely used for measurement of d-c 
voltages. It is much more useful for 
measuring alternating voltages. 

The oscilloscope is first calibrated by 
applying a known voltage to the vertical- 
deflection plates and observing the 
amount of deflection of the beam from 
its zero position. The sensitivity of 
cathode-ray tubes varies widely accord- 
ing to size of tube and accelerating 
voltage used. It ranges roughly from 5 
to 100 millimetres deflection per 100 
volts applied. If the voltage to be 
measured is applied through an amplifier 
the effective sensitivity is considerably 
increased. Readings must of course be 
taken with the gain control at the same 
setting as that at which the instrument 
was calibrated. 

A-c voltmeters of the current-operated 
type measure the effective value of the 
a-c voltage. If the peak voltage is 
required, the effective value may be 
multiplied by 1.414 provided that the 
waveform is sinusoidal. Otherwise, a 
vacuum-tube voltmeter should be used 
which measures the peak voltage. Its 
scale is usually calibrated to give the 
effective value of the a-c voltage assum- 
ing that the waveform is sinusoidal. The 
oscilloscope however presents the wave- 
form visually and permits easy determin- 
ation of the peak value of the voltage. 
regardless of waveform. The input im- 
pedance of the oscilloscope is high and 
the frequency range is large in a well 
designed instrument. 

The oscilloscope may be used as a 
current-measuring device indirectly. The 
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current to be measured is passed through 
a resistance of known value and the 
voltage across the resistance presented 
on the screen. The current can be 
determined by substitution in Ohm’s 


4.9 Questions and problems. 


I. Draw the diagram of an unbalanced 
beam-positioning circuit connected 
toac.r.t. 


2. What is the chief disadvantage of 
the unbalanced circuit? 


3. How is time represented horizontally 
on ac.r.t. screen? 


4. What purpose is served by a linear 
sweep on the horizontal-deflection 
plates? Why is it called a linear 
sweep? 


5. By means of a diagram explain the 
pattern on a c.r.t. screen when a 
linear sweep is applied to the X- 
plates and a sine wave voltage is 
applied to the Y-plates. 


6. Draw the circuit diagram of a simple 
sweep circuit and explain its 
operation. 


7. What is meant by synchronization 
of the sweep circuit? Why is it 
needed? 


8. Draw the circuit of a sweep generator 
which includes a sync. voltage input. 
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Law, BE = IR. 

The power consumed in a resistive 
load may also be determined by measur- 
ing the current and voltage and sub- 
stituting in the power formula, P = IV. 


9. With the aid of graphs explain how 
a Sweep circuit is synchronized. 


10. Explain how distortion of the pattern 
is produced by applying a syne. 
voltage which is too large. 


11. Draw a block diagram of the circuit 
of a simple test oscilloscope. 


12. (a) What pattern is obtained on the 
c.r.t. screen when two sine wave 
voltages of equal amplitude and 
in the same phase are applied, 
one to the X-plates and one to 
the Y-plates of the c.r.t.? 

(b) What is the result when the 
amplitudes of the two voltages 
becomes unequal? 

(c) What is the result of changing 
the phase relationship of the two 
equal sine wave voltages? 

13. What is the rule for frequency 
determination by means of Lissajous 
figures using 
(a) the completed-loop method 
(b) the uncompleted-loop method? 


14. How may the oscilloscope be used as 
a voltmeter? 
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CHAPTER V 


OSCILLATORS 


An oscillator is a valve circuit which 
produces an alternating voltage output 
from a direct-current source. The fre- 
quency of oscillators varies over wide 
limits from a few cycles per second to 
several thousand megacycles per second. 
Audio-frequency oscillators are used in 
laboratory and test equipment, code prac- 
tice sets and in modulators for m-c-w 
transmitters. Radio-frequency oscilla- 
tors are used primarily in radio and radar 
receivers and transmitters. 

The oscillatory circuit is described in 
Chapter XII, Vol. 1. If a charged capaci- 
tor is connected to the terminals of an 
inductor, energy circulates from one com- 
ponent to the other until it has been 
dissipated in heat losses, capacitor losses, 
induced eddy currents and radiation 
losses. The current that flows in such a 
circuit is a damped oscillatory current. 
If it is desired to maintain the oscilla- 
tions, energy must be supplied to the 
oscillatory circuit at the correct fre- 
quency and in the proper phase to make 
up for the circuit losses. A valve is used 
to control the flow of energy from the 
direct-current source to the alternating- 
current circuit. 

Several types of oscillators are 
described in the following sections. They 
are classified according to the position 
of the oscillatory circuit which may be 
placed 

(i) between grid and cathode 
(ii) between anode and cathode 


(iii) between grid and anode. 


5.1 The tuned-grid oscillator. The 
tuned-grid oscillator shown in Fig. 5-1 


consists of an oscillatory circuit LC; 
connected between grid and cathode of a 
valve. A reaction or tickler coil Lz, con- 
nected in the anode circuit is inductively 
coupled to LZ, the two forming a trans- 
former. Automatie bias is provided by 
the grid-leak resistor R and capacitor C2. 


A. Establishment of Oscillations 


When the switch S is closed, current 
through the valve increases from zero. 
This current flowing through Lz sets up 
an increasing magnetic field about Lz 
which links the turns of Z,. Consequently 
a voltage is induced in L, which charges 
capacitor Cy. Energy is therefore sup- 
plied from the anode circuit to the grid 
circuit causing oscillations to begin in 
L,C,. The oscillating current set up in 
L,C, develops an alternating voltage 
across C; which is applied between grid 
and cathode to control the flow of cur- 
rent through the valve. 

The polarity of the grid voltage rela- 
tive to the anode voltage is of prime 
importance in building up oscillations in 
the circuit. The windings of L; and Ly 


Fi1c.5-1 The tuned-grid oscillator. 
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are connected into the circuit so that 
these two voltages are in opposite phase. 
When current increases through the valve 
and Ls, causing the anode potential to 
fall, the voltage induced in L, causes the 
grid potential to rise. The rising grid 
potential permits an increased current to 
flow through the valve. This constitutes 
positive feedback or regeneration. That 
is, the cathode-to-anode current, which 
at first was limited by zero grid poten- 
tial, is now increased by the positive 
grid potential. 

The degree to which regeneration pro- 
ceeds in this direction is limited by 
several factors. When the grid goes posi- 
tive with respect to the cathode, current 
flows up through R to charge C2. How- 
ever, grid current also flows to charge 
C,. Hence the current through RF is 
limited and the grid potential is also 
limited to a small positive value with 
respect to the cathode. Therefore the 
anode current stops increasing. The 
positive grid potential may also result in 
anode current saturation which causes 
the anode current to stop increasing. 
The oscillating current in the tuned 
circuit now reverses, the p.d. across the 
capacitor C, decreases and the grid 
potential falls. The current through the 
valve therefore decreases. The anode 
potential begins to rise and a voltage is 
induced in ZL; which is .of the same 
polarity as that produced by the oscil- 
lating current in L;. Thus, regeneration 
takes place during the negative as well 
as the positive half of the alternating 
eycle in L,C;. Regeneration in this direc- 
tion may continue until the valve is cut 
off. The grid voltage goes more negative 
until the oscillation reverses in the tuned 
circuit. The valve acts as an amplifier 
to increase the amplitude of the oscilla- 
tions. A small amount of energy fed 
back from Le to L; controls a larger 
amount of energy flowing through the 
valve. 
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Cathode potential 
Average value of grid bias 


Grid voltage 
Fic.5-2 The establishment of grid bias. 


B. Maintenance of Oscillations 

The amplitude of oscillations in the 
tuned grid circuit continues to increase 
until limited by two factors, losses from 
the circuit and grid bias. The increase 
in bias is shown by the diagram of Fig. 
5-2. During the first half cycle of oscil- 
lation indicated at a, the grid is made 
slightly positive to the cathode. Elec- 
trons flow from the cathode to the grid 
and accumulate on the right plate of C2, 
During the time between a and b that the 
grid potential is below the cathode poten- 
tial, Cz discharges slightly through R 
causing a negative potential to be applied 
to the grid of the valve. The time con- 
stant of R and C; is made great enough 
that C, can lose only a small part of its 
charge in one cycle. When the grid 
potential again rises above the cathode 
potential at b, more grid current flows 
and the bias voltage developed across R 
is increased for the next cycle. As the 
amplitude of oscillations increases in the 
circuit the average value of grid bias 
increases. This bias limits the time :dur- 
ing which current flows through the 
valve and so limits the amount of energy 
fed back from L, to L,. In addition, the 
circuit loses energy each cycle due to 
radiation and heating effects. These 
losses are more pronounced as the oscil- 
lating current in the circuit increases. A 
point must therefore be reached at which 
losses, grid bias, and the restricted posi- 
tive grid swing, prevent the amplitude 
of oscillations from increasing further. 
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The grid bias becomes steady when (C, 
receives as much charge when the grid is 
positive as it loses through R during the 
rest of the cycle. The circuit continues to 
oscillate at a constant amplitude as long 
as operating conditions remain the same. 

Automatic bias has the advantage over 
other types of bias in that it makes the 
oscillator self-starting. When the circuit 
is initially switched on, the grid bias is 
zero and current is permitted to flow. 
If operating conditions change while the 
circuit is oscillating, the bias increases or 
decreases in such a way as to maintain 
the oscillation. 

The frequency at which the circuit 
oscillates is given for practical purposes 
by the formula 

1 


f= 2r+/LC 

where f = frequency in cycles per second 

L = inductance of L, in henries 

C = capacitance of C, in farads. 
Certain other factors such as the value 
of the supply voltage, valve factors, heat- 
ing and loading affect the frequency to a 
lesser degree. 

Since current and voltage amplitudes 
in the grid circuit are relatively small, 
low output power is available in the 
oscillatory circuit. This oscillator is suit- 
able as a heterodyne oscillator in a re- 
ceiver. By placing the oscillatory circuit 
in the anode circuit of the valve, larger 
power output becomes available. 

5.2 The tuned-anode oscillator. Fig. 
5-3 illustrates a tuned-anode oscillator in 
which the oscillatory circuit L1C, is con- 
nected in the anode circuit of the valve. 
The tickler coil L, which is inductively 
coupled to L, is connected between the 
grid and cathode. When the switch is 
closed in the H.T. circuit, the current 
through the valve increases from zero. 
This sets up an increasing magnetic field 
around L; and charges C;. Thus energy 
is supplied to the oscillator circuit and 
oscillations are started. The oscillating 
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Fia.5-3 The series-feed tuned-anode oscillator. 


current in L; causes an alternating volt- 


_age of the same frequency to be induced 


in Le. Ly; and Le are so connected that 
an increasing current through the valve 
and L, causes a voltage to be induced in 
L, which makes the grid positive. This 
voltage further increases the current 
through the valve until its maximum 
value is reached. When the current in 
LC, reverses, the voltage induced in L, 
causes the grid potential to fall. This 
reduces the current through the valve 
and further assists the oscillation in 
[,C;. Due to the amplification of the 
valve and the regeneration provided by 
L, and Lz, the amplitude of oscillation 
increases until steady operating condi- 
tions are reached. This occurs, as ex- 
plained previously, when circuit losses, 
grid bias and the restricted positive grid 
voltage swing prevent oscillation from 
building up further. 

When steady conditions have been 
reached, a circulating current flows in 
L,C, at a frequency determined by the 


formula 
1 


tT aas/Esi 

Since the amplitudes of voltage and cur- 
rent are large in the anode circuit, high 
power can be drawn from the oscillatory 
circuit. Consequently the tuned-anode 
oscillator provides greater output power 
than the tuned-grid oscillator. 

The circuit of Fig. 5-3 is called a series- 
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Fra.5-4 The parallel-feed tuned-anode oscillator. 


feed tuned-anode oscillator, because the 
oscillatory circuit and the valve are 
connected in series with the H.T. supply. 
In this case the direct-current component 
through the valve also flows through the 
oscillatory circuit. Since the oscillatory 
circuit is at H.T. potential this arrange- 
ment is dangerous when tuning or coup- 
ling. Another disadvantage is that the 
a-c component of anode current flows 
through the H.T. supply. This results 
in increased a-c power losses in the H.T. 
supply and undesirable coupling to other 
circuits. 

The circuit shown in Fig. 5-4 is de- 
signed to overcome these disadvantages. 
It is called a parallel-feed tuned-anode 
oscillator. The oscillator circuit and the 
valve are connected in parallel with the 
H.T. supply. The d-c component of 
anode current does not flow through the 
oscillatory circuit but is blocked from 
the oscillatory circuit by C3. The alter- 
nating component of current through 
the valve flows through the oscillatory 
circuit LC, and is prevented from flow- 
ing through the H.T. supply by the 
choke coil L;. Thus C3 prevents the 
inductance L, from short-circuiting the 
H.T. supply while L; prevents the supply 
from short-circuiting the a-c voltage. 
The operation of this circuit is essen- 
tially the same as that of the series-feed 
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oscillator. C3 discharges somewhat when 
the current through the valve is a maxi- 
mum. This supplies energy to the 
oscillatory circuit. During the remainder 
of the cycle the H.T. power supply 
charges C3 through Ls. The values of 
inductance and capacitance in the oscil- 
latory circuit are the chief factors in 
setting the frequency of oscillation. How- 
ever, a vector analysis of the circuit 
shows that the frequency of oscillation 
is slightly different from the resonant 
frequency of the tank circuit when there 
is feedback and the circuit is oscillating. 
The following analysis assumes that the 
grid and anode currents and voltages are 
of sinusoidal waveform. 

The oscillator is equivalent to a source 
of alternating e.m.f. connected in series 
with the anode resistance of the valve 
and the oscillatory circuit as shown in 
Fig. 5-5. This e.m.f. is u times the grid 
excitation voltage EH, where wu is the 
amplification factor of the valve. Since 
these voltages are 180° out of phase with 
each other, the source of e.m.f. is repre- 
sented by —yH,. The negative sign 
indicates that the grid and anode volt- 
ages are 180° out of phase. The vectors 
representing these voltages form the 
reference vectors of the diagram in Fig. 
5-6. 

Since the grid excitation voltage is 
obtained by the inductive coupling be- 
tween L, and Le, the current J; through 
L; must lag —ywE, by 90°. The current 


Fia.5-5 The equivalent circuit of an oscillator. 
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Fig.5-6 Oscillator vector diagram. 


I, through the capacitor is somewhat 
less than 180° ahead of I; because of the 
resistance R, of L;. The vector sum of 
I, and Ig is Iz, the a-c component of 
anode current. This anode current is 
observed to lead the source voltage 
—ywE,, That is, the oscillator circuit 
presents a capacitive reactance to the 
valve when there is positive feedback. 
The circuit is said to be tuned capaci- 
tively and oscillates at a frequency some- 
what above the resonant frequency of 
DC). 

5.3 Modifications for increased effi- 
ciency. The pulses of current which flow 
from cathode to anode through the valve 
may be analysed into two components; 
a d-c component, since current flows in 
only one direction through the valve and 
an a-c component of a complex nature 
which depends upon the operating condi- 
tions of the circuit. The fundamental 
frequency of the a-c component is the 
same as the frequency of oscillation of 
the circuit. The harmonics generated 
may vary widely in amplitude and are 
affected by such factors as the bias, the 
Q of the oscillatory circuit and the H.T. 
voltage. The circuit is adjusted to con- 
vert d-c power to a-c power as efficiently 
as possible. This requires that the d-c 
component of current through the valve 
be as small as possible relative to the a-c 
component. Two factors which are of 
prime importance in affecting the efh- 
ciency of an oscillator are impedance 
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matching of the oscillatory circuit and 
the angle of current flow. 


A. Impedance Matching 


The output power which may be 
drawn from any source such as a battery, 
a generator, or a valve circuit is equal 
to the product of the current flowing 
from the source and the terminal voltage 
of the source. In order to draw a large 
current from the source, the impedance 
of the load must not be too great. On 
the other hand, if the impedance is re- 
duced beyond a certain point a large pro- 
portion of the e.m.f. of the source is 
developed across the internal resistance 
so that the terminal voltage is reduced. 
The maximum product of voltage and 
current, that is, maximum output power 
is obtained when the impedance of the 
load equals the impedance of the source. 
When this condition is fulfilled, the two 
impedances are said to be matched. 

In an oscillator, the valve is the source 
of a-c power and the LC circuit is the 
load. The impedance of a high-Q circuit 
at resonance is almost infinite as the 
voltage becomes very large and the supply 
current very smali. In order to present a 
lower impedance to the valve, an anode 
tapping point is selected at some point X 
along the coil (Fig. 5-7). This tap is at 
a lower a-c voltage point on the coil than 
the end of the coil. Proper adjustment 
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Fic.5-7 Adjustable anode tap for matching. 
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of this tap matches the impedance of the 
load circuit to the anode resistance of the 
valve and maximum power transfer to 
the oscillatory circuit occurs. This match 
is difficult to achieve in practice because 
the impedance of the valve source varies 
greatly throughout the cycle. The im- 
pedance at any instant equals the value 
of anode voltage divided by the value of 
current flowing through the valve. Dur- 
ing the time the valve is cut off, the 
anode current is zero and so the imped- 
ance is infinite. As the grid voltage 
rises to a maximum, the anode voltage 
falls to a minimum. At the peak of the 
cycle the impedance becomes a mini- 
mum. The position of the anode tapping 
point which gives maximum power out- 
put is therefore found experimentally. 


B. Angle of Current Flow 


The fraction of a cycle during which 
current flows from cathode to anode in 
the valve is expressed in degrees and is 
called the angle of current flow. Its value 
is determined by the length of time in 
each cycle during which the grid is driven 
above the cut-off voltage. Fig. 5-8 
shows the anode and grid voltages for an 
oscillator operating Class C. Since grid 
and anode voltages are 180° out of 
phase, the grid becomes most positive 
at a time when the anode is least posi- 
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Fic.5-8 Oscillator voltage waveforms, Class C 
operation. 
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tive. The anode voltage e, is shown as a 
sinusoidal variation about the steady 
anode voltage Ey. The valve is biased 
beyond cut-off and the grid voltage e, 
is a sinusoidal variation about this bias 
level. Anode current flows through the 
valve during that part of the cycle when 
the grid potential is above cut-off. Grid 
current flows when the grid is positive 
with respect to the cathode. The grid 
current flow maintains an automatic 
bias. 

The instantaneous power dissipated by 
the valve is equal to the product of the 
instantaneous anode voltage and the 
instantaneous anode current. The power 
dissipated during one cycle is the average 
value of the instantaneous power taken 
over one cycle. To make the efficiency a 
maximum, this power consumption must 
be made a minimum. This requires that 
the angle of current flow be kept to a 
minimum causing the current to flow as 
a large pulse of short duration when the 
anode voltage is a minimum. The grid 
therefore must be biased far beyond cut- 
off so that only the sharp peak of its 
positive voltage swing is effective in 
causing anode current to flow. Oscilla- 
tors may be made to operate with 75% 
to 85% efficiency by reducing the angle 
of current flow to about 60 degrees. 

The value of grid bias is determined 
for the most part by the size of the tickler 
coil, the amount of its coupling to the 
oscillating circuit coils and by the values 
of the grid-leak resistor and capacitor. 
In general, the larger the grid resistor 
and capacitor, the greater the bias de- 
veloped and the more efficiently the 
circuit operates. However, an excessively 
large RC combination must be avoided 
as this may prevent the circuit from 
altering bias to follow changes in operat- 
ing conditions. If the RC combination 
is too large the valve may be biased off 
completely for a number of cycles until 
the bias again becomes adjusted. This 
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causes periods of oscillation each of 
which is followed by a period of no 
oscillation. This effect is termed inter- 
mittent operation, motor-boating or 


squegging. 
C. Q of the Oscillatory Circuit 


The Q of the LC circuit in an oscillator 
is usually set at about 12. A higher value 
of Q requires heavier construction of the 
inductor and capacitor to carry the large 
circulating current. If the Q is less than 
12, energy losses are too large for efficient 
operation; the waveform of the output is 
no longer sinusoidal and the oscillator 
becomes unstable. 

The frequency of an LC oscillator is 
usually adjusted by changing the value 
of C. To increase the frequency of 
oscillation, the capacitance must be 
reduced. If the frequency range is 
extended beyond certain limits in such a 
circuit, the change in Q of the circuit 
results in unstable oscillation. In order 
to make the oscillator cover a wide range 
of frequencies, the range is divided into 
frequency bands. A different inductor is 
used for each band and the variable 
capacitor provides continuous tuning 
within the band. This arrangement 
maintains a suitable value of Q over the 
complete range of frequencies. 


D. Modified Tuned-Anode Oscillator 


Partial tuning of the grid coil by 
means of a capacitor may be used to 
increase the efficiency of the tuned anode 
oscillator. A larger amplitude of alter- 
nating voltage is applied to the grid and 
consequently the bias is increased. A 
negative grid bias equal to twice the 
cut-off voltage may readily be obtained 
and the angle of current flow reduced 
to 120 degrees. 

5.4 The tuned-anode tuned-grid oscil- 
lator. The oscillator shown in Fig. 5-9 
contains tuned LC circuits in both the 
anode and grid circuits. The coils Li 


Fic.5-9 The tuned-anode tuned-grid oscillator. 


and I» are so placed that there is no 
inductive coupling between them. Feed- 
back from the anode to the grid circuit is 
provided by the interelectrode capaci- 
tance between the anode and grid within 
the valve. This capacitance is made to 
charge and discharge at the oscillation 
frequency by the changes in anode 
potential and the current flowing through 
the valve. This capacitance in turn sup- 
plies pulses of energy in the proper phase 
to maintain oscillation in the grid circuit. 
The anode and grid tuned circuits must 
offer inductive reactance to the flow of 
the alternating current in order to 
maintain the oscillation. Consequently 
the circuit oscillates at a frequency which 
is slightly lower than the resonant 
frequency of either circuit. 

5.5 The Hartley oscillator. The oscil- 
latory circuit L,C, is connected between 
anode and grid in the Hartley oscillator 
shown in Fig. 5-10. The voltage across 
In, which is part of the oscillatory circuit, 
is applied between grid and cathode of 
the valve by means of C2 and C3. When 
the anode supply voltage is first applied 
the current increases from zero through 
the valve. This increasing current flows 
through the upper portion of ZL; and 
supplies energy to the oscillatory circuit. 
Oscillations are set up in L,C;, which 
develop an alternating voltage across Li. 
This voltage is made up of two parts, the 
a-c component of anode voltage across 
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Fic.5-10 The Hartley oscillator. 


the upper section of L, and the a-c 
voltage across the lower part which is 
applied between grid and cathode of the 
valve to control the flow of current from 
the source. Since opposite ends of Li 
are in anti-phase the grid is made most 
positive when the anode is made least 
positive. This ensures that the feedback 
is positive and maintains oscillation. 
The tapping point on the coil is adjusted 
to provide the required grid excitation 
to the valve and to match the impedance 
of the oscillatory circuit to the impedance 
of the valve. Automatic bias is provided 
by C.R to make the oscillator self start- 
ing. The circuit of Fig. 5-10 employs 
series feed as the oscillator circuit is at 
the same d-c potential as the supply 
battery. The capacitor C3 completes the 
a-c circuit through the valve without 
short-circuiting the supply voltage. 

A parallel-feed Hartley oscillator is 
shown in Fig. 5-11. Its operation is 
similar to the series-feed Hartley. The 
d-c blocking capacitor C3 is placed on 


Fi1c.6-11 The parallel-feed Hartley oscillator. 
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the anode side instead of the cathode side 
of L;. The choke coil LZ; prevents the 
supply battery from short-circuiting the 
a-c output of the circuit and keeps a-c 
current out of the H.T. supply. The 
oscillatory circuit is at zero potential for 
d-c so that direct contact with the 
tuning capacitor is not dangerous. 

Oscillators are sometimes operated with 
the anode at a-c ground potential, for 
example, in frequency-converter circuits 
in radio receivers. Such a circuit is shown 
in Fig. 5-12 and is called a modified 
Hartley circuit. The d-c path from ground 
is through the upper section of Ly, 
through the valve from cathode to anode, 
and through L3 to the positive side of the 
H.T. supply. Hence, this circuit is 
series-feed. The anode is maintained at 
a-c ground potential by the by-pass 
capacitor C, and the d-c blocking 
capacitor C3. The grid and cathode are 
therefore at high a-c potential instead of 
the grid and anode. Otherwise the opera- 
tion of this circuit is the same as described 
for the conventional Hartley oscillator. 
It should be noted that any one of the 
three electrodes, cathode, grid or anode, 
may be kept at a-c ground potential 
provided the other two are left free to 
assume a-c potentials independent of 
each other and of ground. 

The Hartley circuit oscillates at a 
slightly lower frequency than the resonant 
frequency of the tuned circuit. This 
means that the load is in uienie for 
positive feedback. 


Fic.5-12 The modified Hartley circuit. 
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Fia.5-13 The Colpitts oscillator. 


5.6 The Colpitts oscillator. The Col- 
pitts oscillator (Fig. 5-13) is similar to 
the parallel-feed Hartley circuit with the 
exception that the feedback voltage is 
obtained from a section of the tuning 
capacitor instead of the inductor. The 
tuning capacitor is divided into two 
sections C; and C; with the rotors 
mechanically coupled or ganged. The 
alternating voltage developed across C, 
is applied between the grid and cathode 
through C3; to provide the feedback. 
This circuit oscillates at a frequency 
slightly higher than the resonant 
frequency of the tuned circuit. This 
means that the load is capacitive for 
positive feedback. 

5.7 Push-pull oscillator. A push-pull 
oscillator is similar in design and con- 
struction to a push-pull r-f amplifier. 
The tuned-anode tuned-grid oscillator 
shown in Fig. 5-14 consists essentially of 
two triode valves with one oscillatory 
circuit connected between the grids and 
one between the anodes. The capacitor 
C; maintains the centre point of the 
tuned grid circuit at a-c ground potential 
so that the voltages applied to the two 
grids are always 180° out of phase. The 
tuned anode circuit is similarly balanced 
to ground by the by-pass capacitor Cy. 

When the filaments are heated and the 
H.T. supply is completed, current flows 
from ground through each valve from 
cathode to anode and through ZL» to the 
positive side of the H.T. supply. When 


Fia.5-14 The push-pull oscillator. 


the circuit is first turned on, it is highly 
improbable that the two valves will 
continue to conduct the same amounts of 
current at every instant. Any slight 
difference in conductivity of V; and V2 
will cause oscillation to begin in the 
tuned anode circuit. The potential of 
one anode therefore tends to rise above 
the supply potential while that of the 
other anode falls below the supply 
potential. This causes unequal charging 
of the interelectrode capacitances be- 
tween grid and cathode which in turn 
sets up oscillations in the grid circuit. 
Sufficient energy must be fed back from 
the anode to the grid circuit to compensate 
for losses in the grid circuit in order to 
maintain oscillation. Triode valves are 
usually used as their large interelectrode 
capacitance provides the necessary feed- 
back of energy. Oscillation developed in 
the tuned grid circuit causes one grid to 
become positive while the other grid is 
made negative. One valve therefore 
conducts heavily while the other is 
driven to cut-off. That is, two pulses of 
energy are supplied to each oscillatory 
circuit per cycle. The d-c source is thus 
made to supply energy to the tuned 
anode circuit at the frequency of the 
grid-circuit oscillations. The anode circuit 
is tuned slightly off resonance to present 
a capacitive load to the valves for 
positive feedback. 

Automatic grid-leak bias is developed 
across the grid-leak resistor R. If the 
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circuit is operated at sufficiently high 
frequency, the grid-cathode capacitance 
of the valves is large enough so that C3 
can be dispensed with. Sufficient bias is 
developed to make the oscillator operate 
Class C so that high efficiency is attained. 
The output is usually obtained by trans- 
former coupling to the tuned anode 
circuit. 

Several advantages are to be derived 
from the use of the push-pull circuit for 
oscillators. The power that can be 
produced is approximately twice that for 
a single valve. Since the interelectrode 
capacitances are effectively in series, 
they are less likely to cause parasitic 
oscillations than two valves in parallel. 
Parasitic oscillations are extra oscilla- 
tions at frequencies different from those 
desired. The presence of parasitic 
oscillations results in reduction of output 
power and erratic operation. The sym- 
metry of the circuit permits the use of 
short. lead wires and rigid mountings, a 
decided advantage in high-frequency 
circuits. Finally, the even harmonics are 
not produced by a push-pull oscillator. 
This makes it possible to operate the 
circuit at high efficiency and maintain a 
good output waveform. 

5.8 Frequency stability. It is of the 
utmost importance that the frequency of 
the r-f waves from a radio transmitter 
remain constant. Any variation from the 
assigned frequency makes it difficult for 
the radio receiver to be kept tuned to the 
transmitter frequency and also interferes 
with the reception from transmitters on 
neighbouring frequencies. 

The causes of frequency drift or in- 
stability in a transmitter are 
i) physical changes in the components 
of the oscillator of the transmitter 
(ii) electrical changes in the oscillator. 
Physical changes include the variations 
in size or shape of circuit components 
due to faulty mounting, vibration and 
heating effects. Any change in the 
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dimensions of the inductor or capacitor 
in the tuned circuit results in a shift of 
frequency of oscillation. For this reason, 
the inductors must be rigidly mounted 
to prevent any change in the spacing 
between turns. The inductor is made of 
conducting wire or tubing large enough 
to carry the current without developing 
appreciable amounts of heat. Air 
capacitors in the oscillator should be 
firmly mounted so that the spacing 
between the plates remains constant 
during normal operation. If heating of 
capacitors which have other than air 
dielectric cannot be avoided, capacitors 
with low temperature coefficients should 
be used. It is common practice in high 
precision equipment to enclose the entire 
oscillator valve and its associated circuits 
in a temperature-controlled oven to 
maintain constant frequency. 

Causes of frequency drift due to 
electrical changes include changes in the 
supply voltages to anode and filaments, 
changes in valve characteristics and in 
loading. The first of these causes may be 
eliminated by using a power supply 
equipped with voltage regulators which 
maintain a constant output voltage when 
the input mains voltage varies. Small 
receiving valves are used in preference to 
the larger transmitting types in oscil- 
lators because of their smaller elements 
and more rigid mounting of electrodes. 
More serious is the variation in frequency 
of oscillation caused by changes in the 
load impedance. For this reason an 
oscillator is very seldom coupled directly 
to an aerial. A valve amplifier called a 
buffer is connected between the oscillator 
and the aerial. The buffer presents a 
constant impedance to the oscillator as 
well as amplifying its output. Thus 
variations in aerial impedance do not 
change the impedance presented to the 
oscillator. Such a transmitter is referred 
to by the name master-oscillator power- 
amplifier transmitter. 
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Fia.5-15 An electron-coupled oscillator. 


5.9 The electron-coupled oscillator. 
Frequency drift caused by loading the 
oscillator can be avoided to a large extent 
by using an electron-coupled oscillator 
shown in Fig. 5-15. The valve is a 
tetrode in which the cathode, control 
grid and screen grid are used in a modified 
Hartley oscillator. The screen of the 
valve, operating as the anode of the 
oscillator, is maintained at a-c ground 
potential by the by-pass capacitor C4. 
R, and R, form a voltage divider which 
supplies a constant d-c voltage to the 
oscillator anode. The frequency of 
oscillation is determined by the values 
of LD; and C;. 

The tank circuit L2C2 is the load circuit 
for the oscillator. It is coupled to the 


oscillator only by the electron stream 


passing through the valve and has little 
effect on the frequency of oscillations. 
L2Cz receives pulses of current at the 
oscillator frequency. When tuned to 
resonance at this frequency, a large 
circulating current is set up in L2C%. 
The output power is taken from this 
tank circuit. 

Pentode valves are also used in 
electron-coupled oscillators. The sup- 
pressor grid is connected to ground and 
acts as additional shielding between the 
oscillator section and the output section 
of the valve. Thus the effect of the output 
circuit on the frequency of oscillation is 
further reduced. 
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5.10 The piezo-electric effect. The 
frequency stability of an oscillator can 
be made extremely high by replacing the 
LC tuned circuit by a crystal. The use of 
crystals for this purpose depends upon 
the piezo-electric effect. 

This effect is exhibited by certain 
crystalline substances, principally quartz, 
Rochelle salt and tourmaline. Of these, 
quartz is most commonly used because 
of its availability and durability, though 
it is not as sensitive as the other twc 
types. A crystal of quartz is shown in 
Fig. 5-16 and a geometrical representa- 
tion in Fig. 5-17. The diagonals of the 
crystal, Fig. 5-17 (a), are called the 
electrical axes X1, Xo, and X3. Between 
these are the mechanical axes Yi, Yo 
and Y3, The vertical axis of the crystal 
is called the Z-axis. A crystal section cut 
so that its flat sides are perpendicular 
to an electrical axis is called an X-cut 
crystal, Fig. 5-17 (b). A section whose 
sides are cut perpendicular to a mechani- 
cal axis isthe Y-cut crystal. 


Fia.5-16 A quartz crystal. 
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Fia.5-17 Geometrical representation of a quartz 
crystal showing (a) cross-section and axes (b) full 
crystal and X and Y cuts. 


If a mechanical pressure is exerted 
across the crystal in the direction of its 
mechanical axis, a p.d. is developed in 
the direction of the electrical axis. If the 
mechanical force is one of tension instead 
of compression, the polarity of the p.d. 
is reversed. Conversely if a p.d. is ap- 
plied to opposite ends of the electrical 
axis, a mechanical strain is produced 
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along the mechanical axis. The polarity 
of the p.d. determines whether the strain 
is an expansion or a contraction. 

If an alternating voltage is applied 
across the faces of the crystal, the 
mechanical strains set up cause the crystal 
to vibrate. The amplitude of these 
vibrations is very small at most frequen- 
cies but becomes quite large at one 
frequency. This frequency is the 
mechanical resonant frequency of the 
section. It depends upon the dimensions 
of the section, particularly its thickness. 
The temperature of the crystal affects the 
resonant frequency to a lesser degree. 
At this frequency, the amplitude of 
oscillations may become so large as to 
shatter the crystal. 

A crystal section responds to an ap- 
plied a-c voltage in the same way as a 
series LCR circuit and may be regarded 
as such electrically. The equivalent 
inductance, capacitance and resistance 
values can be measured or calculated. 
Typical values for a section of quartz 
0.636 cm. thick in the direction of 
vibration are as follows: 

Resonant frequency = 451 Ke/s 
Equivalent inductance = 3.65 henries 
Equivalent capacitance = .0316 micro- 

microfarads 
Equivalent resistance = 9040 ohms. 
The value of Q for the equivalent series 
circuit is extremely high, about 1100 for 
this example. It is this property of a 
crystal which makes it useful for main- 
taining a constant frequency in an 
oscillator. 

It is to be emphasized that the resonant 
frequency of a crystal section depends 
almost entirely upon its dimensions, 
particularly its thickness in the direction 
of vibration. The frequency is inversely 
proportional to this dimension. Crystal 
sections vary in thickness from 5.7 mm. 
at about 500 Ke/s to 0.14 mm. at 20 
Mc/s. At this upper limit the crystal 
becomes extremely fragile and care must 


OSCILLATORS 


Fig.5-18 An AT-cut crystal. 


be taken to prevent the voltage across it 
from shattering the crystal. 

Temperature affects the resonant 
frequency to a minor extent. To elimin- 
ate frequency variation due to tempera- 
ture change, the crystal sometimes is 
enclosed in an oven the temperature of 
which is thermostatically maintained at 
a constant value. It is possible however 
to eut the section from the whole crystal 
in such a way that the change in 
frequency due to change in temperature 
is almost zero. Such a crystal section 
shown in Fig. 5-18 is called an A T-cut 
crystal and provides a constant frequency 
even without a temperature-controlled 
oven. 

In addition to the X, Y and AT cuts, 
many other cuts are shown in the photo- 
graph of Fig. 5-19 (a). These cuts differ 
in the angles which they make with the 
electrical and mechanical axes of the 
crystal. As a result they have different 
thickness-frequency relationships and 
different frequency-temperature co- 
efficients. For example, X-cut crystals 
have coefficients of from —15 to —25 
cycles per megacycle per centigrade 
degree. The negative sign indicates that 
as the temperature increases, the resonant 
frequency decreases. For Y-cuts the co- 
efficient ranges from —20 to —100 
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cycles per megacycle per centigrade 
degree. 

Of the crystal materials which may be 
used, quartz is the most widely employed 
because of its durability. Rochelle salt 
exhibits the piezo-electric effect to a 
much greater degree than quartz but is 
very fragile. Tourmaline is a rare sub- 
stance and therefore expensive. Even 
with quartz, certain precautions are 
necessary. The faces should be very 
clean. For this reason and for protection 
from damage the crystal is enclosed in a 
holder. Fig. 5-20 and Fig. 5-21 illustrate 
two types of holder in common use. 

In the holder of Fig. 5-20 the crystal 
section is held firmly between metal 
plates or electrodes and enclosed in a 
bakelite case. External connections to 
the two plates are led through the bottom 
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Fiac.5-19 Different crystal cuts and their uses. 
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Fia.5-20 Fixed-frequency holder. 


of the case. Crystals are often mounted 
so that a small air gap exists between 
one metal plate and the face of the crystal 
as in Fig. 5-21. The resonant frequency 
depends somewhat on the thickness of 
the air gap. Adjustment of this gap 
makes it possible to alter the resonant 
frequency by as much as 1 Ke/s per 
Mc/s. X- and Y-cut crystals are not 
suitable for this type of operation as the 
frequency does not vary smoothly with 
thickness of the gap. The frequency 
tends to jump abruptly as the air gap 
is adjusted. The capacitance between 
the crystal holders is effectively in 
parallel with the equivalent circuit of 
the crystal. The capacitance of the air 
gap is electrically in series with the 
equivalent circuit. These are shown in 
the diagram of Fig. 5-22 (a). The circuit 
symbol for a crystal is shown in Fig. 
5-22 (b). | 

Crystals are used in two types of 
oscillator circuits. These are known as 
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Fia.5-21 Adjusiable-frequency holder. 
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the Miller and the Pierce crystal 
oscillators. 

5.11 The Miller crystal oscillator. The 
diagrams of a simple Miller crystal r-f 
oscillator and its equivalent circuit are 
shown in Fig. 5-23 (a) and (b). The 
crystal is connected between grid and 
cathode of the valve as in a tuned-grid 
oscillator. The anode load is a tuned LC 
circuit. Feedback from the anode to the 
grid circuit is provided by the inter- 
electrode capacitance between these two 
electrodes. At low frequencies where 
this capacitance is not sufficient to 
maintain oscillation, an external 
capacitance may be connected from the 
anode to the grid. Automatic bias is 
provided by the grid leak R and the 
equivalent capacitance of the crystal. 

Since the Miller circuit is a tuned-grid 
oscillator, the anode circuit must present 
an inductive load to provide positive 
feedback. Therefore the oscillatory 
circuit must be tuned to a higher 
frequency than the crystal frequency. 
The effect which the tuning of L,C, has 
on the amplitude of oscillations is shown 
in the graph of Fig. 5-24. If C, is made 
very small, the circuit is tuned to a high 
frequency and presents an inductive 
load. As C; is increased, the resonant 
frequency of iC, approaches the 
frequency of the crystal and the ampli- 
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_ Fia.5-22 The circuit symbol and equivalent 
circuit of a crystal. 
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Fic.5-23 The Miller crystal oscillator and its equivalent circuit. 


tude of oscillation increases. If the 
circuit is tuned below the crystal 
frequency, the load becomes capacitive. 
The feedback is then degenerative and 
oscillation ceases abruptly. The dotted 
line indicates the correct tuning of the 
oscillatory circuit. It should be set close 
to the crystal frequency but far enough 
from it to ensure that slight changes of 
loading, temperature and operating 
voltages do not cause oscillation to stop. 

The amplitude of oscillation is indicated 
most readily by a milliammeter connected 
in the cathode circuit of the valve. As 
the amplitude of oscillation increases, 
the automatic grid-leak bias increases 
causing the steady anode current com- 
ponent to decrease. At maximum oscilla- 
tion the d-c anode current becomes a 
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Fic.5-24 Frequency response over tuning range 
of Miller oscillator. 
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minimum (Fig. 5-25). The value of C; 
should be adjusted to give minimum d-c 
current through the valve and then 
decreased slightly to ensure stability of 
operation. 

An r-f choke coil may also serve in 
place of the oscillatory circuit in a 
Miller oscillator. It offers an inductive 
load to the valve if properly designed 
and with its self-capacitance forms the 
anode tuned circuit. 

The output power of a crystal oseil- 
lator is usually small due to the fragility 
of the crystal. Coupling is made from 
the anode of the valve and should be 
loose to avoid overloading. If greater 
power is required, the oscillator may be 
followed by an amplifier or a modified 
Miller circuit may be employed. Fig. 
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Fia.5-25 Anode current over tuning range of 
Miller oscillator. 
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Fra.5-26 Modified Miller circuit. 


5-26 shows a modification using a beam 
power valve that provides up to 15 watts 
of output from an_ electron-coupled 
circuit. This circuit is sometimes called 
a tri-tet oscillator. 

The screen grid serves as anode of the 
oscillator and is kept at r-f ground 
potential by the by-pass capacitor C4. 
The tuned circuit L,C; is therefore 
placed in the cathode circuit and is tuned 
above the. crystal frequency to present 
an inductive load. Bias is provided by 
R; and the capacitance of the crystal 
holder. In addition the r-f choke L; is 
included in the grid circuit to increase 
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the r-f impedance between grid and 
ground. This prevents the relatively low 
impedance of R; from shorting the r-f 
voltage at the grid. In addition to the 
automatic bias, some cathode bias is 
provided by R2C3. This prevents the 
valve from being damaged by excessive 
current in the event that oscillation 
ceases and automatic bias fails. The 
output circuit LeC, is electron coupled 
to the crystal oscillator section. This 
electron coupling isolates the crystal 
circuit from the final load so that the 
loading in the anode circuit has not so 
much effect on the frequency as in the 
simple Miller circuit. 

5.12 The Pierce crystal oscillator. In 
the Pierce oscillator, Fig. 5-27 (a), the 
crystal is connected between the grid 
and anode. C; is a blocking capacitor in 
series with the crystal to protect it from 
the high d-c voltage. Bias is provided in 
the cathode circuit by R.C3 and in the 
grid circuit by R,; and the capacitance 
of the crystal holder. The Pierce circuit 
is the equivalent of the Colpitts oscillator 
as indicated by the equivalent circuit 
diagram of Fig. 5-27 (b). Feedback is 
provided by the r-f voltage developed 
across the grid-cathode capacitance. For 
operation at low frequencies it is some- 
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Fia.5-27 The Pierce crystal oscillator and equivalent circuit. 
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times necessary to add an external 
capacitor in parallel with C,,. This over- 
comes sluggishness and makes the oscil- 
lator quick-starting for keying purposes. 

The load inductor L, together with its 
self-capacitance and interelectrode 
capacitance, must present a capacitive 
reactance to the valve to provide positive 
feedback. 

The power output of the Pierce oscil- 
lator is limited to a few watts at most. 
The r-f current flowing through the 
crystal must be small to prevent heat 
developing and causing the frequency to 
drift. The voltage across the crystal 
must also be kept moderately low to 
avoid fracture. These factors limit the 
use of the crystal oscillators to heterodyne 
oscillators in receivers, frequency 
standards in test equipment and master 
oscillators in transmitters. When high 
r-f power is required at constant 
frequency, an amplifier is used following 
the crystal circuit. 

Crystal oscillators are much less 
flexible than tuned-circuit oscillators. A 
separate crystal must be connected in 
the circuit for each desired frequency. 
Below about 500 Ke/s the crystals 
become heavy and sluggish and their 
use becomes impractical. The upper 
limit of oscillations is about 20 Mc/s, at 
which the thickness is in the neighbour- 
hood of 0.14 mm. This limit may be 
extended however by connecting one or 
two stages of frequency doublers follow- 
ing the crystal oscillator. In this way 
good frequency stability may be main- 
tained to about 80 Mc/s. 

5.13 Very-high-frequency oscillators. 
As the frequency of an oscillator is 
raised, the radio-frequency losses increase 
and the output power available becomes 
less. Some of these losses are due to the 
external circuit of the oscillator and some 
to the limitations of the valve. The 
following section is devoted to a discus- 
sion of the reduction in efficiency of 
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Fia.5-28 High-frequency LC circuit. 


oscillator circuits at very high frequen- 
cies and the modifications required to 
overcome the defects. 


A. Losses Associated with Oscillatory 
Circuits 


In order to increase the frequency of 
oscillation it is necessary to decrease both 
the inductance and capacitance of the 
oscillatory circuit. This procedure is 
extended until the inductor is reduced to 
one or two turns of heavy wire and the 
capacitor consists of two parallel metal 
plates several millimeters apart. Fig. 
5-28 shows an LC circuit used to generate 
oscillations in the neighbourhood of 200 
Me/s. At these frequencies the Q of the 
circuit falls off badly and so the efficiency 
of the oscillator decreases. Radiation 
from the circuit becomes very large due 
to the rapid reversals of current and the 
open construction of the coil and 
capacitor. This has the effect of 
introducing resistance into the tuned 
circuit which reduces its effective Q. 

Skin effect also becomes a determining 
factor. The high-frequency current is 
forced to flow in a thin layer on the 
surface of the conductor. The thickness 
of the conducting layer is inversely 
proportional to the square root of the 
frequency. For example, at 200 Mc/s 
the conducting layer is only ;'5 as thick 
as it is at 2 Mc/s. Skin effect therefore, 
sets up a greater resistance to the flow 
of current which further decreases the Q 
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of the circuit. This defect can be reduced 
to some extent by using conductors of 
large diameter to expose a greater sur- 
face area. Plating the conductor with a 
metal of low resistivity such as silver 
also helps to reduce losses due to skin 
effect. 

Eddy currents induced in neighbour- 
ing conductors by the large currents 
flowing in the LC circuit also drain 
energy from the circuit. These currents 
produce heat which represents a loss in 
power from the oscillator. The reduction 
in efficiency makes the use of LC circuits 
prohibitive for very-high-frequency 
generators. 


B. Transmission-Line Oscillators 


If an alternating current is made to 
travel along a wire conductor called a 
transmission linc, two points a_ half 
wavelength apart will be 180° out of 
phase with each other. This is precisely 
the phase relationship between the two 
ends of an oscillatory circuit. A half- 
wave conductor bent in the form of two 
parallel sections each one quarter wave- 
length long, shorted at one end, is referred 
to as a quarter-wave line. Such a line 
contains inductance in each element of 
its length and capacitance between the 
two sections. It is electrically equivalent 
to a high-Q resonant circuit. Since at 
any instant the current travels in op- 
posite directions in the two sections, the 
magnetic fields about the two conductors 
tend to cancel each other. By placing 
the sections close together the loss of 
energy due to radiation and eddy currents 
may be kept to a very low value. The 
sections are usually made of metal tubing 
of comparatively large diameter to reduce 
the effective resistance due to skin 
effects. Finally, the sections are con- 
nected directly to the grid and anode 
terminals of the valve in push-pull circuits 
reducing the length of leads to a 
minimum. 
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FrG.5-29 Push-pull transmission-line oscillator. 


Tuning of the transmission line is ac- 
complished by adjustment of a shorting 
bar across the two parallel sections. If 
the bar is moved closer to the open end, 
the wavelength generated is reduced and 
hence the frequency of oscillation is 
increased. A small two-plate capacitor 
placed across the open end is also effec- 
tive in tuning the circuit. 

A transmission-line oscillator of the 
push-pull type is shown in Fig. 5-29. 
Heater circuits have been omitted as 
they are quite conventional. The circuit 
employs a dual beam power valve and is 
designed to operate at 120 Mc/s. The 
tuned grid circuit consists of two parallel 
sections of 3+inch copper tubing 16% 
inches long spaced 1? inches between 
centres. The lines are shorted at one 
end by a fixed copper strap and tuned by 
a small trimmer capacitor at the open 
end. They are mounted 14 inches from 
the base board on ceramic stand-off 
insulators. The grids are tapped about 
2% inches from the short-circuited end of 
By tapping at a low voltage 
point the grid losses are kept small 
compared with the circulating energy in 
the transmission line. This maintains a 
high Q and provides good frequency 
stability of the oscillator. 
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The tuned anode circuit consists of a 
small coil and split-stator capacitor. 
The coil consists of two turns of No. 12 
enamelled wire wound with a ?-inch 
inner diameter and 3-inch spacing. The 
supply voltage is applied through an r-f 
choke to the centre of the coil and hence 
to the two anodes. The screen voltages 
are obtained through 25,0002 10W volt- 
age dropping resistors R, and R,. The 
screens are by-passed to ground by 
.002uF capacitors C, and C,. Automatic 
bias is developed by means of the 15,000- 
ohm, l-watt resistor R; and input 
capacitance of the valves. Since the 
screen reduces the grid-to-cathode 
capacitance to .2 micromicrofarads, there 
is insufficient internal capacitance to 
maintain oscillation. Additional feed- 
back is obtained by running a short 
length of wire from each anode close to 
the corresponding grid line to form a 
feedback capacitor. The capacitance 
between the feedback line and the grid 
circuit is adjusted by clipping and bend- 
ing the line to give the correct grid 
excitation. Transformer coupling to the 
load circuit is provided by two turns of 
No. 12 enamelled wire closely wound 
with 3-inch inner diameter. The coupling 
may be varied by adjusting the position 
of this coil relative to the anode tank coil. 

The oscillator is adjusted for operation 
by the following steps. First, the grid- 
circuit trimmer capacitor is adjusted to 
provide the correct oscillator frequency. 
Following this, the feedback capacitors 
are adjusted with a 0—10mA d-c meter 
connected between the grid-leak resistor 
and ground. Proper grid excitation is 
obtained when the grid current is between 
3.5 and 5mA. Lastly the anode circuit is 
tuned for maximum efficiency. A 25- 
watt lamp connected across the output 
in place of the aerial may be used to 
indicate the correct setting of the anode 
tuning capacitor and coupling. With 400 
volts supplied to the anode, the circuit 
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Fic.5-30 Isolating the filament transformer 
from r-f current. 


may be loaded until the anode current 
reaches 150mA when properly tuned. An 
output of 60 watts is possible from such 
an oscillator. It is suitable for c-w, 
m-c-w or r-t transmission. Thirty watts 
output from a modulator connected into 
the anode circuit is sufficient to modu- 
late the signal fully. 

A number of variations of the circuit 
of Fig. 5-29 are possible. The trans- 
mission-line circuit may be used in the 
anode circuit or in both anode and grid 
circuits. Such an oscillator does not 
require the use of the push-pull circuit. 
Single-valve oscillators are in common 
use with tuned transmission lines in 
anode, grid and cathode circuits. 


C. Cathode Circuits 


When the circuit requires that the 
cathode be at high r-f potential, pre- 
cautions must be taken to prevent the 
r-f current from flowing in the secondary 
of the filament transformer. The low 
reactance between cathode and heater 
makes it impossible to maintain one at 
an r-f potential and not have the other 
at the same r-f potential. Fig. 5-30 
shows one method of preventing r-f 
current from entering the filament trans- 
former. J, and JL» are r-f choke coils 
which offer high impedance to r-f cur- 
rent. C, and C, are by-pass capacitors 
which maintain the secondary of the 
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Fiq.5-31 Quarter-wave transmission-line ca- 
thode circuits. 
filament transformer at r-f ground poten- 
tial. Their capacitance is so small that 
there is very little shunting effect 
produced on the low-frequency heater 
current. 

More frequently, quarter-wave trans- 
mission lines are used in the cathode 
circuit to keep the heater at high r-f 
potential. Three common methods of 
supplying heater current in oscillators 
are shown in Fig. 5-31. Each employs the 
principle that one quarter wavelength 
along a transmission line from a point of 
maximum impedance there is a point of 
minimum impedance. Consequently a 
quarter-wave transmission line may be 
grounded at one end and be at high r-f 
potential at the other end. In Fig. 
5-31 (a) the heater leads are brought out 
through the tubular cathode line. The 
filament transformer is grounded and the 
heater and cathode, a quarter wave- 
length away, are at a high r-f potential. 
In (b) the cathode line is used as one 
side of the heater supply, the other side 
being a separate conductor through the 
cathode line. Concentric tubes are used 
to form the conductors to supply the 
heater current in (c). These are insulated 
from each other at the power supply 
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frequency but may be considered as a 
single conductor at the transmitter 
frequency due to the low impedance 
between them. 

Some circuits require that the fila- 
ments be at r-f ground potential in spite 
of the large reactance of the filament-lead 
inductance at high frequency. The circuit 
of Fig. 5-32 shows how this inductance 
may be included as part of a tuned line. 
The line is a half wavelength long from 
the filament to the grounded end. Since 
this half-wave line presents the same 
impedance to ground at both ends, the 
effect is the same as grounding the 
filament itself inside the valve. 


D. Concentric-Line Oscillators 


A quarter-wave section of concentric 
transmission line may be used to replace 
the open-line tuned circuits described in 
part B. A tuned-grid tuned-anode oscil- 
lator which contains a concentric-line 
grid circuit is shown in Fig. 5-33. Be- 
cause of the very high Q of the concentric 
line the frequency stability is high, 
comparable to crystal control over 10 to 
20 Mc/s. The inner and outer conductors 
are short-circuited at the cathode end. 
Therefore they show a high impedance 
between them at the upper end which is 
one quarter wavelength distant. The 
grid is tapped down on the line for loose 
coupling in order that grid losses be 
small compared to the power in the 
concentric line. This prevents excessive 


Fia.5-32 A half-wave transmission-line cathode 
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Fic.5-33 Tuned-grid tuned-anode transmis- 
sion-line oscillator. 


loading of the concentric line and main- 
tains its high Q. The concentric-line 
circuit has one additional advantage 
over the open-wire type. The outer 
surface of the outer conductor is at 
ground potential and serves to shield the 
r-f current. The field is confined inside 
the line. This reduces losses due to 
radiation. Tuning the concentric line 
presents a greater difficulty however. Its 
effective length is changed by adjustment 
of a sliding plunger which shorts the 
inner and outer conductors. The contact 
must be maintained clean and firm to 
keep the resistance to current flow a 
minimum. Fine control of frequency 
may be effected by the use of the trimmer 
capacitor across the open end of the line. 

5.14 Ultra-high-frequency oscillator 
valves. The preceding section is devoted 
to a description of the defects of con- 
ventional oscillator circuits at high 
frequencies and the modifications re- 
quired to extend the frequency range. 
Special attention must also be given to 
the valves used to generate power at 
very high frequencies. The upper limit 
of oscillation frequency for ordinary 
small receiver valves is in the region of 
150 Mc/s. Valves with reduced inter- 
electrode capacitance are used in high- 
power transmitters up to 300 Mc/s. 
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Oscillations as high as 1700 Mc/s may 
be generated by using valves of very 
special construction connected to external 
tank circuits but the useful power output 
becomes extremely low. For the genera- 
tion of higher frequencies the oscillatory 
circuit is incorporated inside the glass 
envelope as a part of the valve itself. 
The following paragraphs deal with the 
limitations which valve construction 
imposes on the frequency of operation. 


A. Inductance and Capacitance Associated 
with the Valve Elements 


In r-f oscillators operating at high 
frequencies up to a megacycle per second 
the capacitance of the oscillatory circuit 
is so large compared with the inter- 
electrode capacitance of the valve that 
the latter is usually neglected. As the 
frequency is increased the capacitance of 
the tank circuit must be decreased so 
that eventually the capacitance between 
the valve electrodes limits the frequency 
of the oscillator. Moreover, the lead 
wire to each electrode inside the glass 
envelope is equivalent to a small in- 
ductance in series with that electrode. 
Consequently there is a limit to which 
the frequency may be raised by decreas- 
ing the inductance of the tank circuit. 
In the extreme case, the external in- 
ductance is reduced to that of the grid 
and anode leads. Oscillations are 
generated at the resonant frequency of 
the valve. To increase the frequency 
further, the valve must be constructed 
to minimize the interelectrode capaci- 
tances and the lead inductances. 

Low interelectrode capacitance may 
be attained by reducing the size of the 
electrodes and spacing them farther 
apart. This practice has its disadvant- 
age, however. The reduction in size of 
the elements decreases the ability of the 
valve to dissipate heat and therefore 
limits the power output. Spacing the 
electrodes farther apart inside the valve 
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makes it necessary to use higher voltages 
if the electron transit time is not to be 
increased. 

The leads of high-frequency valves are 
brought out at widely separated points 
to reduce interelectrode capacitance in 
the valve. This construction is illustrated 
by the doorknob and acorn valves shown 
in Fig. 1-108 and Fig. 1-109. The bake- 
lite base is omitted from these valves to 
eliminate dielectric losses as much as 
possible. To reduce lead inductance 
within the glass envelope, double con- 
nections are sometimes made to the 
anode and grid. Each electrode has two 
terminals which are symmetrically con- 
nected to the external circuit so that 
their lead inductances are in parallel 
making the effective inductance less. 


B. Electron Transit Time 


In low-frequency circuits, the length 
of time required for an electron to pass 
from cathode to anode is a very small 
fraction of the a-c period. The space 
current flowing through the valve is in 
phase with the grid voltage controlling 
that current at every point between the 
electrodes. As the frequency is increased, 
the duration of a cycle becomes less. 
Eventually the time of flight of an 
electron from cathode to anode becomes 
an appreciable fraction of a complete 
cycle. When the electron transit time 
becomes ;'5 of a period or greater, the 
efficiency of the oscillator begins to fall 
off. The reason for this is as follows. 

In a low-frequency r-f oscillator when 
the anode current reaches its peak value, 
the voltage is a minimum. The instan- 
taneous power dissipated at the anode is 
equal to the product of the anode current 
and the low anode voltage. The average 
anode dissipation may be kept to within 
about 15 percent of the total power con- 
verted from d-c to r-f power so that the 
oscillator is maintained at high efficiency. 
If, due to electron transit time, the 
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anode voltage lags the grid voltage, the 
maximum current through the valve will 
flow at a time before the anode voltage 
reaches its minimum value. Conse- 
quently the product of current and volt- 
age is increased. The average power 
dissipated at the anode is therefore 
greater and the efficiency of the oscillator 
is reduced. 


C. Induced Grid Current 


When an electron, which is a negative 
charge, approaches a grid, it repels elec- 
trons along the grid wires. As the elec- 
tron recedes from the grid this force 
disappears and electrons return to the 
grid wires. When an a-c is applied to the 
input of the valve there is a gradually 
increasing and decreasing current through 
the valve. Thus the numbers of elec- 
trons in the region of the grid gradually 
increase and decrease producing an in- 
creasing and decreasing force on the 
electrons in the grid wires. Thus a cur- 
rent is induced in the grid at the frequency 
of the a-c. This current is so small at low 
frequencies that it may be neglected. 

At low frequencies the changes in cur- 
rent through the valve are so gradual 
that the number of electrons approach- 
ing the grid at any instant is practically 
the same as the number leaving the grid. 
At very high frequencies, when the period 
of a cycle is nearly equal to the electron 
transit time a different effect takes place 
due to the bunching and spreading of 
electrons. At low frequencies, due to 
the uniform distribution of electrons 
across the valve, while an electron is 
approaching the grid there is a gradually 
increasing force of repulsion on electrons 
in the grid which is cancelled by a 
gradually decreasing force of repulsion 
due to a corresponding electron receding 
from the grid. At very high frequencies, 
due to electron bunching while an elec- 
tron is approaching the grid and produc- 
ing an increasing force of repulsion on 
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the electrons in the grid there may not 
be an electron receding from the grid to 
cancel this force. Similarly, while an 
electron is receding from the grid pro- 
ducing a decreasing force of repulsion 
there may not be an approaching elec- 
tron to produce an increasing force. 
Thus there is a different effect of forces 
acting upon electrons in the grid wires. 
As a result, a greater alternating current 
is caused to flow in the grid circuit at the 
frequency of the oscillator. Consider- 
able grid current may flow even though 
the grid is biased negatively with respect 
to the cathode. This causes a further loss 
of energy from the circuit and reduces 
the efficiency. Grid current flow can be 
reduced by reducing the electron transit 
time. 

Transit time is reduced in two ways. 
(i) The electrons are speeded up by 

using higher anode voltages. 

(ii) The distance between cathode and 
anode is reduced by spacing these 
electrodes closer together.. The break- 
down voltage of the valve therefore 
limits the minimum electron transit 
time. 

5.15 Klystrons. Electron transit time 
which is a detriment to efficiency in con- 
ventional oscillator valves is used to 
advantage in klystron valves. Before 
proceeding to the detailed description of 
these valves, it is necessary to explain 
some new concepts relating to their 
general operation. 


A. Velocity Modulation 


Fig. 5-34 shows a circuit drawn along 
conventional lines to show how a stream 
of electrons may be velocity modulated. 
The heater, cathode and accelerating 
grid constitute an electron gun. Electrons 
which are given off by the cathode are 
attracted toward the grid by the high 
positive potential from the supply bat- 
tery. Most of these electrons pass 
through the grid wires due to its open 
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Fic.5-34 Velocity modulation of the electron 
stream. 


construction. The stream of electrons 
moving with uniform velocity then comes 
under the influence of the buncher grids. 
These grids are connected to the opposite 
ends of an oscillatory circuit L,C;. The 
spacing between these grids, the period 
of oscillation of £,C; and the velocity 
of the electrons are so adjusted that an 
electron passes from A to B in the time 
required for one half oscillation of Z1C;. 
If an electron approaches the buncher 
when A is passing through zero a-c poten- 
tial its velocity is not changed. By the 
time it reaches grid B, the potential will 
again be passing through zero so that its 
velocity is not affected. An electron 
which passes through grid A when the 
grid is positive is accelerated. Half a 
cycle later it passes through grid B and 
is further accelerated because grid B is 
then positive. An electron that passes 
through the buncher half a cycle later is 
decelerated by both grids. The stream 
of electrons leaving the buncher is there- 
fore velocity modulated. In passing through 
the drift space between the buncher and 
the catcher, the accelerated electrons 
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tend to catch up with those ahead while 
the decelerated electrons slow down to 
mix with those behind. Consequently 
the stream is bunched into groups at the 
point where it enters the catcher circuit. 

The catcher is similar in construction 
to the buncher. It is arranged to absorb 
energy from the modulated electron 
stream so that oscillations are reinforced 
in LoCo. If electrons approach grid C 
when it is negative, the electrons are 
retarded and energy is absorbed from 
them. At this instant grid D is positive. 
Half a cycle later when the electrons 
approach grid D its polarity has re- 
versed so that energy is again absorbed. 
If electrons approach grids C and D 
when they are positive the electrons are 
accelerated and energy is given up to the 
electrons. However, the drift space is 
such that when C and D are negative 
the approaching electrons are bunched 
and a great deal of power is absorbed 
by the catcher circuit. Very little power 
is given out to the spaced electrons on the 
other half cycle. The electrons leave the 
catcher with a lower average velocity 
and are returned to the battery circuit 
by the collector plate. In order to main- 
tain oscillations in the whole circuit, 
some energy from the catcher circuit 
must be fed back to the buncher circuit 
at the same frequency and in the proper 
phase to effect the bunching operation. 
This is accomplished by a feedback line 
from the catcher to the buncher circuit. 
Oscillations are readily started in the 
high-Q catcher circuit by any non- 
uniformity of electron emission or operat- 
ing voltages. The feedback circuit then 
causes oscillations to increase until suffi- 
cient energy is supplied to the catcher to 
compensate for energy dissipated in the 
catcher and buncher and also for the 
energy delivered to an external load. 

B. Resonant Cavities 

The conventional oscillatory circuit 

consisting of a coil and a capacitor 
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(d) 
Fic.5-35 The development of a cavity resonator. 


assumes a somewhat different appear- 
ance at the frequencies generated by 
klystron valves. The evolution from LC 
circuit to cavity resonator is shown by the 
diagrams of Fig. 5-85. The coil and 
capacitor of (a) are reduced in size to the 
single-turn inductor and the capacitance 
between the lead wires shown in (b). 
In order to reduce losses by radiation 
from this open circuit, a number of such 
components placed together-make up the 
structure shown in (c). To reduce losses 
still further, the ends are closed by chang- 
ing the shape to that of (d). This dough- 
nut-shaped hollow metal chamber is 
called a resonant cavity. It is electrically 
a very high-Q oscillatory circuit. When 
constructed with a diameter of one to 
three inches, its resonant frequency is in 
the range 3000 to 10,000 Mc/s. 


C. A 3000 Mc/s Klystron 


Two 3000 Mc/s (10 cm. wavelength) 
klystrons are shown in Fig. 5-36 and 
Fig. 5-37 respectively. A circuit diagram 
of the latter valve is shown in Fig. 5-38. 
A uniform stream of electrons is pro- 
duced by the heater, cathode, accelera- 
ting grid and focusing shield. These 
electrons are directed through the 
buncher grids where they become velocity 
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Fia.5-36 A 3000 Mc/s klystron. 


modulated at the frequency of the oscil- 
lations in this resonant cavity. In the 
drift space the electrons form into groups 
just before entering the catcher. The 
electron groups maintain oscillation in 
the second resonant cavity. A part of 
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Fia.5-37 A 3000 Mc/s klystron. 
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Fia.5-39 Line diagram of a klystron. 


its energy is fed back through the coaxial 
cable to the buncher cavity to maintain 
oscillations in it. Output power is taken 
from the catcher by way of a coaxial 
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Fia.5-38 Circuit diagram of a klystron. 
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cable connected to a single turn inductor 

placed inside the resonant cavity. The 

strong magnetic field in the cavity in- 
duces a current in this loop at the fre- 
quency of the oscillations generated. 

The klystron valve may be used as an 
ultra-high-frequency amplifier. Input is 
applied by way of a coupling loop in- 
serted into the buncher cavity. The feed- 
back is omitted or reduced to prevent 
oscillation. Output is obtained from the 
catcher cavity as in the case of the 
oscillator. 

Considerable adjustment of the kly- 
stron circuit is required to ensure maxi- 
mum efficiency. Adjustments are usually 
provided 

(i) to vary the potential on the acceler- 
ating grid and hence the speed of the 
electrons entering the catcher. 

(ii) to vary the potential on the collector 
anode. The velocity of the electron 
stream must be adjusted so that the 
electrons pass through the space be- 
tween the buncher grids in one half 
the period of oscillation. Also the 
bunching must reach its maximum 
as the electrons enter the catcher 
grids. 

(ili) to adjust the frequency of oscillation 
of both cavities. This is done by 
plungers which screw into the cavi- 
ties to alter their resonant frequen- 
cies. 

(iv) to adjust the amount of feedback 
and output. This is accomplished 
by rotating the hairpin coupling 
loop inside the cavities. Coupling 
is a Maximum when the plane of the 
loop is perpendicular to the plane 
of the cavity. 

A d-c milliammeter is included in the 
collector circuit and some method of 
measuring the r-f output is required for 
adjustment. The operating potentials 
and coupling are adjusted to provide 
maximum r-f output energy for minimum 
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Fic.5-40 Circuit diagram of a reflex klystron. 


d-c current through the valve. Since 
these controls are quite interactive correct 
adjustment of the klystron is very diffi- 
cult to achieve. A similar oscillator 
which is less critical in this respect is the 
reflex klystron. 

The electron gun and first cavity 
resonator of the reflex klystron (Fig. 
5-40), are identical in construction and 
operation with the two-cavity klystron. 
In place of the second cavity and collec- 
tor however, the reflex klystron contains 
a reflector electrode which is operated at 
a high negative potential. It therefore 
repels the velocity-modulated stream of 
electrons in the space between the cavity 
and the reflector. The bunched electrons 
are turned back to the cavity in the - 
proper phase to give energy to the 
resonator. The spent electrons are then 
removed from the circuit by the cavity 
itself or by the accelerating grid. The 
frequency of oscillation is adjusted as 
before by means of the plungers in the 
resonant cavity. The potential on the 
reflector electrode has a secondary con- 
trol on the frequency as it alters the 
transit time and hence the phase of the 
feedback energy. It is adjusted to pro- 
vide maximum r-f power from the output 
loop. 

A photo of a reflex klystron is shown 
in Fig. 5-41. Klystrons which are 
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Fia.5-41 Reflex klystron. 


designed to operate in the region of 
10,000 Mc/s and above are usually tuned 
by flexing the metal boundaries of the 
resonant cavity. A slight change in 
thickness of the cavity causes a con- 
siderable shift in its resonant frequency. 

The r-f output power of the klystron 
is very small, usually of the order of a 
few milliwatts. It is useful as a local 
oscillator in radar receivers. 

5.16 Magnetrons. A magneiron is a 
two-element valve containing a cathode 
which emits electrons and an anode 
cylinder which receives the electrons. A 
high d-c voltage applied between these 
two electrodes sets up an electric field 
which tends to make the electrons move 
radially from the cathode to the anode. 
In addition to this electric field a strong 
magnetic field is set up within the valve 
by a heavy permanent magnet mounted 
externally. The magnetic field is set at 
right angles to the direction of electron 
movement from cathode to anode (Fig. 
5-42). The electrons are deflected at 
right angles to the magnetic field. There- 
fore an electron follows a curved path in 
its flight from the cathode to the anode. 
The curvature of its path depends upon 
the relative strengths of the electric and 
magnetic fields. Fig. 5-43 shows three 
possible paths obtained by keeping the 
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Fia.5-42 A magnetron circuit. 


supply voltage constant and increasing 
the magnetic field strength. In (a) the 
magnetic deflection is small and the 
electron path is almost a straight line. 
In (b) a value of magnetic field strength 
is reached at which the electron is de- 
flected through 180° on its flight from 
cathode to anode. It is then on the point 
of missing the anode completely and 
being turned back toward the cathode. 
If the magnetic field strength is in- 
creased slightly past this point, the flow 
of current from cathode to anode ceases 
abruptly since the electrons are all re- 
turned to the cathode. This is illustrated 
by (c). The value of the magnetic field 
strength at which this occurs is called the 
critical value. These electron paths are 
sections of a curve which is called a 
cycloid. 

The condition indicated by the curve 
in (c) is determined by measuring the 


d-c current through the valve as the 
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Fia.5-43 Electron paths with increasing mag- 
netic field. 
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Fia.5-44 A split-anode magnetron showing 
two electron paths. 


magnetic field strength is adjusted. The 
anode current cuts off abruptly when the 
critical field strength is reached. Under 
these conditions the magnetron is capable 
of producing oscillations of ultra high 
frequencies in an external circuit. The 
frequency is determined by the time 
taken for the electrons to travel from 
cathode to anode and return to the 
cathode. Two types of magnetrons are 
described in the following sections: 

(i) the basic split-anode magnetron 

(ii) the multi-cavity magnetron. 


A. Split-Anode Magnetron 


The split-anode magnetron contains a 
cylindrical anode, divided into two sec- 
tions as shown in Fig. 5-44. The two 
sections are supplied with the same high 
positive d-c potential relative to the 
cathode for accelerating electrons from 
the cathode toward the anode. The 
anode sections are insulated from each 
other at the frequency of the oscillations 
and are connected to the opposite sides 
of an oscillatory circuit represented by 
LC. Yhe magnetic field is directed into 
the plane of the diagram and at right 
angles to it. This causes the electrons 
to be deflected in a clockwise direction 
in their flight from cathode to anode. 
The magnetic and electrostatic fields are 
adjusted to the critical values described 
in the preceding paragraph. An alter- 
nating voltage across the oscillatory cir- 
cuit makes one of the anode sections 
more positive and the other less positive 
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F1q.5-45 Cycloidal electron paths in a split- 


‘anode magnetron. 


than the critical voltage. If these poten- 
tials persisted, an electron leaving the 
upper side of the cathode with zero or 
small initial velocity would be drawn to 
the top anode section while an electron 
from the bottom of the cathode would be 
returned to the cathode. The electron 
paths of two such electrons are shown in 
Fig. 5-44. 

The electron paths are modified how- 
ever by the changing voltage across LC. 
The electron emitted from the upper side 
of the cathode follows a path which 
tends to be cycloidal. This causes the 
electron path to be somewhat like that 
shown in Fig. 5-45. It consists of several 
cycloidal sections of decreasing curva- 
ture. At the end of the first section 
indicated by X the electron comes close 
to striking the cathode but is turned 
back toward the anode because its velo- 
city has been reduced to the point at 
which the magnetic field loses control. 
The electric field re-directs the electron 
away from the cathode. A similar phase 
of flight is observed at Y and at Z. 
During the next cycloid the electron 
strikes the anode and its flight is ended. 
The electron which leaves the opposite 
side of the cathode, however, follows a 
path of greater curvature and is returned 
to the cathode at the end of one cycloid, 
even when the alternating voltage exists 
between anode sections. 

Energy considerations are of prime 
importance in explaining the mainten- 
ance of oscillations. Fig. 5-46 shows the 
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Fia.5-46 Electrostatic field in a split-anode 
magnetron. 


electrostatic lines of force between the 
two sections of the anode due to the 
alternating voltage across the LC circuit 
at a particular instant. The d-c com- 
ponent of the electrostatic field may be 
neglected because it is uniformly dis- 
tributed from cathode to anode and has 
similar effects on all electrons in the 
cathode-anode space. Electron 1 in 
Fig. 5-46 travels in a direction opposite 
to the lines of force of the a-c field while 
crossing the gap between the two anode 
sections. It is therefore decelerated by 
the field and gives energy to the oscilla- 
tory circuit. Half a cycle later the 
electron crosses the gap on the opposite 
side of the cathode. By this time the 
oscillatory circuit has reversed the field 
and the electron again travels against the 
lines of force. It therefore delivers 
energy to the oscillatory circuit twice 
during each cycle. 

Electron 2, however, travels in the 
same direction as the lines of force while 
crossing the gap. It is therefore acceler- 
ated and receives energy from the oscil- 
latory circuit. Since electron 1 crosses 
the anode gap several times while elec- 
tron 2 is limited to one crossing in its 
flight, more energy is delivered to the 
oscillatory circuit than is absorbed from 
it by the two electrons. These two elec- 
trons are representative of the entire 
number which flow from cathode to 
anode during normal operation of the 
magnetron. They are high-efficiency 
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converters of d-c energy from the supply 
to a-c energy in the oscillatory circuit. 


B. Multi-Cavity Magnetron 


The oscillatory circuit of the basic 
magnetron may be replaced for ultra- 
high-frequency operation by a resonant 
cavity. The inductance is that of the 
curved inner surface of the cavity and the 
capacitance is that across the gap be- 
tween the anode sections. The anode is 
divided into several segments containing 
resonant cavities which are connected to 
a control chamber. Fig. 5-47 shows the 
structure of an anode containing eight 
resonant cavities. Since the cavities 
cannot be tuned there is no way of 
varying the frequency of oscillation of 
the valve once constructed. The electron 
paths and maintenance of oscillation are 
basically the same as described for the 
two-segment magnetron. R-f energy is 
coupled from the circuit by means of a 
single-turn loop which extends into one 
of the resonant cavities. A magnetron 
used for generating radar transmitter 
pulses is shown in Fig. 5-48. A cut-away 
view of this magnetron in its mount is 
shown in Fig. 5-49. 

The average r-f power which a magne- 
tron can produce is not large because of 
the heat dissipated at the anode by 
electron bombardment. The anode is 
usually fitted with cooling fins and its 
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Fia.5-47 An eight-cavity magnetron. 
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Fic.5-48 Multi-cavity magnetron. 


temperature maintained within safe limits 
by forced air or water cooling. A further 
limit on the power available is imposed 
by the cathode which is also subject to 
considerable electron bombardment by 
spiralling electrons. Care must therefore 
be taken that the valve is not operated 
at excessive voltages which would cause 
cathode disintegration. 

While the average power output is 
relatively small, the peak power which a 
magnetron can furnish is extremely large. 
For this reason it is suitable as the 
transmitting valve in radar equipments 
which require pulsed operation. It is 
common practice to turn on the trans- 
mitter for a pulse of one microsecond 
duration every 1000 microseconds. In 
this case a peak power output of 100 
kilowatts may be maintained for the 
duration of the pulse with an average 
output of only 100 watts. 

As the anode block is exposed, it is 
usually operated at d-c ground potential. 
The vaive is turned on by applying a 
large negative voltage to the cathode for 
the duration of the pulse. The modulator 
which operates the magnetron must there- 
fore be capable of delivering a rectangu- 
lar negative pulse of the order of 10,000 
volts at 10A. The pulse must have a 


duration of about one microsecond and 
must be repeated at regular intervals 
several hundred times per second. 
Correct operating potentials are of the 
utmost importance in the satisfactory 
operation of the magnetron. Even though 
the pulse duration is only one micro- 
second, several thousand oscillations take 
place during each pulse. It is essential 
that the frequency of the r-f output 
remain constant during this time and 
during each pulse. The optimum oper- 
ating conditions vary with different 
magnetron designs and are determined 
by the manufacturer. They are usually 
defined by a specific value of applied 


Fie.5-49 Cut-away view of .multi-cavity 
magnetron. 
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voltage or of average current through the 

valve. 

In some cases the correct operating 
conditions are determined experimentally 
each time a new magnetron is put in use. 
This may be done by monitoring the 
pulses of current through the valve on an 
oscilloscope. There are two common 
methods of obtaining this pulse wave- 
form. 

(i) A small resistor is placed in series 
with the magnetron and the voltage 
developed acrossit is applied between 
the vertical-deflecting plates of the 
oscilloscope. It shows a square wave- 


5.17 Questions and problems. 

1. Draw a circuit diagram of a tuned- 
grid oscillator with series feed. Ex- 
plain its operation. 

2. What advantage does a parallel- 
feed oscillator have over a series-feed 
circuit? 

3. Draw a tuned-anode oscillator 
(a) with series feed 
(b) with parallel feed. 

4. (a) What is meant by the efficiency 

of an oscillator? 

(b) How is increased efficiency 
achieved in the modified tuned- 
anode oscillator? 

5. Draw and explain the operation of 
the circuit of a tuned-anode tuned- 
grid oscillator. 

6. What are the impedances which must 
be matched in an oscillator circuit? 


7. What is meant by the term angle of 
current flow? 

8. Why is it an advantage for an 
oscillator to have a small angle of 
current flow? How is this achieved? 

9. Why is grid current flow necessary 
in an oscillator? 

10. Why is automatic bias preferable to 
fixed bias in an oscillator? 


Hol 


form of voltage, which is the outline 
of the modulation pulse. 

(ii) A small amount of the magnetron 
output is detected to obtain the 
modulation envelope and this volt- 
age is applied to the oscilloscope. 

If the horizontal outline of the pulse 
is irregular it indicates that the oscilla- 
tions are unstable. A well-defined split 
in this line shows that the mode of 
oscillation changes during the pulse. If 
the line remains flat but is not sharply 
defined, the oscillations vary from pulse 
to pulse. A change in operating potential 
is required to avoid these conditions. 


11. What is meant by squegging in an 
oscillator? 


12. Explain how the impedance of the 
valve changes during one cycle of 
operation. When is it a maximum? 
When is it a minimum? 


13. In what respect are constructional 
details simpler in a Hartley oscillator 
than those in the tuned-anode or 
tuned-grid oscillator? 


14. What is the purpose of the by-pass 
capacitor from the centre tap of the 
tuned circuit to ground in the series- 
feed Hartley? 


15. Explain why the Hartley circuit must 
be tuned inductively. 


16. What is the purpose of the choke coil 
between anode and the supply bat- 
tery in a parallel-feed Hartley 
oscillator? 

17. How does the modified Hartley cir- 
cuit differ from the conventional 
Hartley? 


18. Why must an oscillatory circuit have 
a high Q? 

19. What factors tend to reduce the Q 
of an oscillatory circuit? 
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35. 


How are these effects prevented from 
lowering the Q beyond the allowable 
amount? 

How does a push-pull oscillator differ 
from a push-pull amplifier? 

State three advantages of push-pull 
oscillators over single-valve types. 


What is meant by frequency drift? 


State three chief causes of frequency 
drift. How are these effects over- 
come in oscillators used in trans- 
mitters? 


What is meant by an m.0.p.a. trans- 
mitter? Explain briefly the function 
of each of its two sections. 


How does an electron-coupled oscil- 
lator differ from a tuned-anode 
oscillator? 


What advantages does an electron- 
coupled oscillator have over those 
types employing triode valves? 


Explain what is meant by the piezo- 
electric effect. 


Draw the equivalent circuit of a 
crystal. How does its Q compare 
with that of LC circuits at radio 
frequencies? 


Which of the inductance, capacitance 
and resistance values is responsible 
for giving the crystal its very high 
Q? 

What is meant by frequency tem- 
perature coefficient of a crystal? In 
what unit is it measured? 


What shape of crystal has a very 
low temperature coefficient? 


What is meant by a negative tem- 
perature coefficient? 

Make a diagram of the Miller crystal 
oscillator. How is its LC circuit 
tuned? 

Which of the LC tuned-circuit oscil- 
lators is similar in circuit design to 
the tri-tet oscillator? 
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Explain how the Pierce oscillator is 
the crystal equivalent of the Col- 
pitts circuit. 


What limits the power output of a 
Pierce oscillator? 


What is the lower frequency limit of 
crystal oscillators? 


What is the upper frequency limit 
of crystal oscillators? 


How may this limit be extended by 
the following stages? 


What factors reduce the Q of LC 
circuits designed for very-high-fre- 
quency oscillators? 


How are these factors reduced by the 
use of transmission lines as oscilla- 
tory circuits? 


How is the frequency of a transmis- 
sion-line oscillator related to the 
length of the transmission lines? 


What two types of transmission 
lines are used in oscillator circuits? 


Draw a diagram of a push-pull oscil- 
lator that employs transmission lines 
in both the grid and anode circuits. 


How is feedback provided in trans- 
mission-line oscillators? 


What is the purpose of using trans- 
mission lines in cathode circuits? 


Compare the length and grounding 

of the cathode lines 

(a) when the cathode is to be at high 
r-f potential ‘ 

(b) when the cathode is- to be at 
ground r-f potential. 


How are the heater lines designed to 
prevent r-f feedback to the filament 
transformer? 


State one advantage which a con- 
centric line has over an open trans- 
mission line in an oscillator circuit. 


State one disadvantage of the con- 
centric-line oscillatory circuit. 
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How does interelectrode capacitance 
limit the frequency of an r-f oscil- 
lator? 


What constructional details are em- 
ployed to reduce interelectrode 
capacitance? 


What is meant by electron transit 
time? 


Why is electron transit time not an 
important consideration at low radio 
frequencies? 


How does electron transit time re- 
duce the efficiency of ultra-high-fre- 
quency valves? 


How may electron transit time be 
reduced? 


In what respect is there conflict be- 
tween reduction of transit time and 
reduction of interelectrode capaci- 
tance? 


Why does considerable a-c current 
flow in grid wires at high frequency, 
even though the grid is biased nega- 
tively with respect to the cathode? 


Why is this induced grid current 


more pronounced at high than low: 


radio frequencies? 


How is electron transit time used to 
advantage in a klystron valve? 


Explain what is meant by velocity 
modulation of electrons. 


What is the purpose of the drift space 
in a klystron? 


Why can the catcher absorb more 
energy from the bunched electrons 
than the buncher loses in modulating 
them? 


What is the purpose of the resonant 
cavity connected to a klystron? 
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How does the Q of a resonant cavity 
compare with that of an LC circuit 
having the same resonant frequency? 


What factors contribute to this high 
value of Q? 


How is energy coupled into and out 
of a resonant cavity? 


How is the frequency of a resonant 
cavity adjusted? 

Draw a circuit diagram of the reflex 
klystron. 


What is the purpose of 

(a) the electron gun 

(b) the resonant cavity 

(c) the reflector electrode in a reflex 
klystron? 


What use is made of klystron valves 
in radar equipment? 


What use is made of magnetron 
valves in radar sets? 


What is the purpose of the magnet 
in a magnetron? 


Draw a cross-sectional diagram of a 
split-anode magnetron. 


What is the purpose of the resonant 
cavities in this valve? 


Describe the path of an electron 
from cathode to anode in the magne- 
tron. 


How is the output energy obtained? 


What makes the magnetron a suit- 
able transmitting valve in a radar 
set? 

What are the requirements of a 
modulator supplying the magnetron? 


What test is made to ensure stable 
oscillation of the magnetron? 


What factor has the greatest effect 
on the stability of oscillation? 
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CHAPTER VI 


AMPLITUDE MODULATION 


6.1 Principle of modulation. Audio 
intelligence is transformed into an audio- 
frequency current by a microphone when 
the intelligence is in the form of speech 
or by a keyed audio oscillator when the 
intelligence is in the form of a coded 
message. This audio-frequency current 
which is called the signal may be trans- 
mitted by wire over great distances. 
However, it can not be transmitted 
over an appreciable distance through 
space with an efficiency high enough to 
be practical. Thus, transmission through 
space must take place at radio fre- 
quencies. The audio-frequency intelli- 
gence is superimposed upon a _high- 
frequency radio wave called a carrier by 
a process called modulation. 

6.2 A simple method of modulation. 
Fig. 6-1 shows a simple modulated- 
oscillator circuit consisting of a parallel- 
feed tuned-anode oscillator with a 
microphone M coupled to its grid circuit. 
L, and C, form the tuned anode circuit, 


Modulated 
r-f 


output 


M 
E ed 


Fig.6-1 A simple modulated r-f oscillator. 
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C. and L; the parallel feed and R and C 
the automatic series-type grid-leak bias. 
The feedback is provided by the coupl- 
ing between LZ, and Le. The microphone 
M is coupled to the grid circuit of the 
oscillator by the iron-core a-f trans- 
former 7’. 

When no sound waves strike the mic- 
rophone there is no a-f voltage across 
the secondary of the transformer T. 
Hence the output from the oscillator, 
taken across the tuned anode circuit 
L,C;, is an r-f voltage of constant ampli- 
tude, Fig. 6-2 (a), and is said to be 
unmodulated. The bias provided by R 
and C adjusts itself to such a value that 
only a small pulse of anode current 
flows during the positive peak of each 
cycle of the r-f to maintain oscillation 
in the tuned anode circuit L,C;. 

When sound waves strike the mic- 
rophone, however, an a-f voltage is 
developed across the secondary of T, 
Fig. 6-2 (b). On the positive half cycles 
of the a-f voltage the negative bias on 
the valve, already provided by R and C, 
is decreased. On the negative half cycles 
the negative bias is increased. 

On the first quarter cycle of the a-f, 
while the bias decreases, larger r-f pulses 
of current flow through the valve, in- 
creasing the amplitude of the oscillating 
current in L,C; and hence increasing 
the amplitude of the r-f voltage output 
across L,C,; to a maximum value, Fig. 
6-2 (c). On the second quarter cycle the 
bias goes more negative, returning to 
its original value and the amplitude of 
the r-f output voltage decreases to its 
original unmodulated amplitude. On 
the third quarter cycle the bias con- 
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Fic.6-2 Voltage waveforms in a simple modu- 
lator (a) Unmodulated r-f output of oscillator 
(b) Modulating a-f input to oscillator (c) Modu- 
lated r-f output of oscillator. 


tinues to go more negative and the 
amplitude of the r-f voltage continues 
to decrease to a minimum value. On 
the fourth quarter cycle the bias de- 
creases to its original value and the 
amplitude of the r-f output voltage 
increases to its original amplitude. That 
is, as the bias is caused to vary at an 
a-f rate the amplitude of the r-f output 
voltage of the oscillator varies at the 
same a-f rate. The r-f output which is 


FUNDAMENTALS OF RADIO 


varying in amplitude is called an 
amplitude-modulated r-f. 

If the intensity of the sound input to 
the microphone is increased, the varia- 
tion in bias is greater and hence the 
variation in amplitude of the modulated 
r-f is greater. 

The r-f carrier may be modulated at 
any stage in the transmitter circuit. 
The modulating voltage is applied usually 
to:an r-f power amplifier stage. The r-f 
oscillator itself can be modulated but 
this causes the oscillator frequency 
(carrier frequency) to be unstable. 

6.3 Degree of modulation. A single- 
frequency audio modulating wave is 
illustrated in Fig. 6-3 (a). This sine 
wave has an amplitude A and may 
represent either current or voltage. An 
r-f carrier wave of amplitude B is 
illustrated in Fig. 6-3 (b). When the 
carrier is modulated by the audio wave 
the resulting waveform appears as in 
Fig. 6-3 (c). The outline of the modu- 
lated r-f wave is called the modulation 
envelope. The audible output at the 
receiver for a given carrier depends upon 
the depth of modulation A. As a result 
the largest possible variations in A are 
usually employed. When the amplitudes 
A and B are equal, the amplitude of the 
envelope is reduced to zero every cycle 
of the a-f signal, Fig. 6-3 (d). 

The degree of modulation is usually 
expressed as percentage modulation. 


Percentage medulation = “x 100 


where A = amplitude of the modula- 
tion envelope 
B = average envelope amplitude. 
In Fig. 6-3 (c), A = 4B and the per- 
centage modulation is 50%. In Fig. 
6-3 (d),, A = B and the percentage 
modulation is 100%. This wave is also 
described as a completely modulated 
wave. 
The degree of modulation is sometimes 
expressed as a modulation factor m. 
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Fic.6-3 Degree of modulation of r-f carrier 
(a) Modulating a-f voltage (b) Unmodulate 
r-f carrier voltage (c) R-f carrier modulated 50% 
(d) R-f carrier modulated 100%. 


where m = modulation factor 
B = average envelope amplitude 
C = minimum envelope ampli- 
tude. 

The degree of modulation varies from 
a modulation factor of 1 with 100% 
modulation to a modulation factor of 0 
with no modulation. 

If the carrier is modulated more than 
100%, a waveform as in Fig. 6-4 results. 
There is an interval in which the trans- 
mission is cut off. The modulated wave 
is distorted since the modulation en- 
velope does not have the same waveform 
as the original modulating sine wave. 
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Fia.6-4 R-f voltage modulated more than 
00%. 


This produces a distorted sound at the 
receiver output since the audio wave in 
the receiver varies in accordance with 
the distorted modulation envelope. Since 
there is distortion, the audio output 
contains harmonics of the original modu- 
lating audio frequency. 

Distortion may result with less than 
100% modulation if the modulation 
envelope and modulation signal differ 
in waveform. However, if the modula- 
tion envelope has exactly the same wave- 
form as the modulating signal, as in 
Fig. 6-3 (a) and (c), then the signal is 
transmitted without distortion. 

6.4 Methods of amplitude modulation. 
In the circuit of Fig. 6-1 the a-f modu- 
lating voltage is introduced into the grid 
circuit. However, the modulation may 
also be accomplished by introducing the 
modulating voltage into the anode or 
cathode circuits. As a result there are 
three principal methods of amplitude 
modulation. 

(i) Anode modulation 
(ii) Grid modulation 
(ii1) Cathode modulation. 

6.5 Anode modulation. A typical cir- 
cuit for anode modulation is shown in 
Fig. 6-5. The r-f carrier input, as shown 
in Fig. 6-6 (a), is applied to the grid of 
the r-f power amplifier which is operated 
Class C. This r-f input comes from 
another r-f power amplifier called the 
driver, which in turn receives its input 
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the circuit is zero if the H.T. voltage 
is zero. If the H.T. voltage is gradually 
increased from zero, the steady com- 
ponent of anode voltage also increases 
and the amplitude of the r-f output from 
the circuit increases. Similarly a gradual 
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Fig.6-5 Anode modulation circuit. (b) 


from the r-f oscillator. The tank circuit 
in the anode circuit of the power ampli- 
fier is tuned to the frequency of the r-f 
carrier. The modulated output from 
the power amplifier is taken from the 
coil of the tank circuit by transformer 
coupling. 0 

The a-f modulating voltage, which (c) 
originates in such a device as a micro- 
phone or a record player pickup does not 
have sufficient amplitude to produce the 0 
desired degree of modulation. Hence 
this a-f voltage is applied to a-f power (d) 
amplifiers, the final output of which is 
applied to the r-f amplifier. The a-f 
power amplifier or amplifiers form the . ; : 
modulator. : 

The modulator in the circuit of Fig. LLAMA ges) 
6-5 is a push-pull a-f power amplifier. oe ATTA a 
Fig. 6-6 (b) shows a single-frequency a-f 
voltage present in the output from the (e) 
modulator. The modulator is trans- 
former coupled into the anode circuit ty 
of the r-f power amplifier and hence this ae 
type of modulation is called anode 
modulation. (f) 


Modulated 
vf output 


Unmodulated r-f input 


A. Modulation Process Fia.6-6 Voltage waveforms in anode modu- 


5 : ’ lation (a) R-f carrier input to grid circuit 
For a given amplitude of rf Input (b) A-f modulating signal to p.a. anode circuit 
voltage to the r-f amplifier circuit, the (¢) Anode voltage of p.a. (d) Modulated r-f 
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decrease in H.T. voltage and resulting 
decrease in the steady component of 
anode voltage causes a decrease in r-f 
output. 

The power amplifier of Fig. 6-5 has 
two controlling voltages on its anode. 
There is the steady anode voltage E, 
supplied by the H.T. supply and super- 
imposed upon this is the a-f modulating 
voltage e;. Thus the resultant controlling 
anode voltage, which in an ordinary 
r-f amplifier is the steady component 
of anode voltage, is varying at an audio 
rate as illustrated by the curve EH,+e, in 
Fig. 6-6 (c). The r-f carrier applied to 
the control grid has a constant ampli- 
tude. As the anode voltage rises at the 
audio rate, the r-f voltage output from 
the power amplifier gradually increases 
and as the anode voltage falls at the 
audio rate the r-f voltage output gra- 
dually decreases. Thus, the output 
from the power amplifier is an r-f 
voltage whose amplitude varies at the 
audio rate. The modulated r-f voltage 
é at the anode is shown in Fig. 6-6 (c) 
superimposed upon the power amplifier 
anode voltage which is varying at the 
audio rate. 

Although audio-frequency currents are 
present in the tank circuit of the r-f 
power amplifier, the modulated output 
voltage contains no a-f voltage since 
the tank circuit has negligible impedance 
for a-f. The modulated r-f output which 
contains no d-c or a-f components is 
illustrated in Fig. 6-6 (d). 

Since the r-f power amplifier is opera- 
ted Class C, the steady negative grid 
bias E,, is beyond cut-off, Fig. 6-6 (e). 
The r-f input varying about the steady 
bias causes the grid voltage to rise above 
cut-off only at the peaks of the positive 
half cycles. Hence the anode current 
flows in pulses, Fig. 6-6 (f). 


B. Conditions for No Distortion 
The r-f power amplifier must be de- 
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Fic.6-7 Conditions for distortionless anode 
modulation. 


signed so that the least possible distor- 
tion appears in the modulation envelope. 
For no distortion the envelope must 
vary in accordance with the audio modu- 
lating signal. For no distortion with 
anode modulation, there must be a 
linear relationship between the anode 
current and the anode voltage varying 
at the audio rate. This is illustrated in 
Fig. 6-7 for a Class C amplifier which 
has an r-f carrier voltage applied to the 
grid. As the steady anode voltage varies 
at the audio rate, the pulses of r-f anode 
current have a modulation envelope 
which varies exactly with the modulat- 
ing signal. 

Also, for the least possible distortion 
to appear in the modulation envelope, 
there must be a linear relationship 
between the anode tank circulating cur- 
rent 2, which provides the modulated 
r-f output from the tank, and the anode 
voltage varying at the audio rate. This 
is illustrated in Fig. 6-8. Instead of 
flowing in pulses, the tank circuit current 
has the waveform illustrated due to the 
oscillatory action in this circuit. 


C. Percentage Modulation 


The output from the r-f power am- 
plifier can be modulated 100% by caus- 
ing the anode voltage to vary from zero 
to twice the value of the steady anode 
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Fic.6-8 Graph of anode voltage vs circulating 
current in tank circuit in distortionless anode 
modulator. 
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F'1a.6-9 Voltage and current waveforms in r-f 
amplifier for 100% modulation (a) Anode volt- 
age (b) Anode current (c) Output voltage. 
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supply voltage when the a-f modulating 
voltage e, is applied. Fig. 6-6 (c) 
illustrates anode voltage variations for 
less than 100% modulation. The anode 
voltage variations for 100% modulation 
are such that the modulating voltage 
e, on one half cycle reduces the anode 
voltage from H, to zero, Fig. 6-9 (a). At 
this instant of zero anode voltage, there 
is zero anode current, Fig. 6-9 (b), and the 
r-f output from the amplifier is zero, 
Fig. 6-9 (c). On the other half cycle of 
modulating voltage, e, raises the anode 
voltage from E, to 2E, and at this instant 
the r-f output from the amplifier is a 
maximum. To obtain these large anode 
voltage variations, the a-f power output 
of the modulator must be large. For this 
reason anode modulation is also known 
as high-level modulation. If the power 
of the modulating signal must be kept 
low, it is necessary to modulate an early 
r-f stage in the transmitter where the 
power involved is small. 


D. Other Circuits 


Fig. 6-10 illustrates another circuit 
arrangement for anode modulation. The 
modulator and the r-f power amplifier 
are in parallel. The a-f input to the 
modulator results in an amplified a-f 
output across the a-f modulator choke 
L, in the modulator anode circuit. Cor- 
responding audio changes in the anode 
voltage of the r-f amplifier take place 
and anode modulation results. A drops 
the d-c voltage applied to the r-f power 
amplifier anode so that this voltage is 
lower than that on the modulator anode. 
This permits very high percentage modu- 
lation to be attained. C is an a-f by-pass 
capacitor. The r-f choke L keeps r-f 
out of the modulator circuit. 

Screen-grid valves of the pentode and 
beam power type may be anode modu- 
lated providing the modulation is applied 
to anode and screen grid at the same 
time in order that the modulating vol- 
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tage have sufficient control over the 
current. 

6.6 Grid modulation. An r-f power 
amplifier circuit designed for control- 
grid modulation is shown in Fig. 6-11. 
The power amplifier is operated Class C 
with the grid biased beyond cut-off by 
E.,. The r-f output from the driver is 
coupled through C, to the grid of the 
power amplifier. This r-f input to the 
power amplifier is the r-f carrier of 
steady amplitude. The a-f modulating 
voltage is coupled to the grid of the 
amplifier through 7). 


A. Modulation Process 


The operation of the power amplifier 
depends on the fact that for a given 
amplitude of input to the circuit, the 
amplitude of the output r-f voltage is 
increased with decreasing grid bias and 
is decreased with increasing grid bias. 
The grid bias is caused to increase and 
decrease at the audio rate by the 
modulating signal which is applied to 
the grid circuit. As a result, the ampli- 
tude of the r-f output voltage varies at 
the audio rate and the required modu- 
lated r-f voltage is produced. 

Fig. 6-12 (a) shows the r-f carrier 
voltage applied to the power amplifier 
control-grid circuit and Fig. 6-12 (b) 


ont S 


R-f power 
amplifier 


Modulator 
input 


R-f 
oscillator 


—H.T 


il} 1a 


Fig.6-10 Anode modulation circuit with modu- 
lator and r-f amplifier in parallel. 
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Fr1a.6-11 Grid modulation circuit. 


shows the a-f modulating signal also 
applied to the control-grid circuit. Fig. 
6-12 (c) shows the following three vol- 
tages on the r-f power amplifier control 
grid: the steady grid bias E,,, the modu- 
lating audio signal e, which causes the 
bias to vary at the audio rate and the 
r-f carrier input e,. Fig. 6-12 (d) shows 
the corresponding pulses of anode cur-’ 
rent resulting from the circuit being 
biased beyond cut-off. Since the output 
tank circuit oscillates, the output voltage 
has the appearance of a sine wave, 
which varies in amplitude at the audio 
rate. Fig. 6-12 (e) shows the resulting 
modulated r-f output, the modulation 
envelope varying in accordance with the 
modulating audio signal. 


B. Conditions For No Distortion 


When the circuit is designed for mini- 
mum distortion, the power output is 
low. A compromise between power 
output and distortionless modulation is 
necessary. To cbtain large pulses of 
anode current and hence high power 
output with minimum distortion the 
grid voltage is usually driven to zero 
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Fig.6-12 Voltage and current waveforms in 
grid modulation (a) Carrier input to grid circuit 
of r-f amplifier (b) A-f modulating input to grid 
circuit of r-f amplifier (ce) Grid-to-cathode volt- 
age of r-f amplifier (d) Anode current of amplifier 
(e) Modulated r-f output of amplifier. 


by the r-f at the peak positive swings of 
the modulating input. If the grid is 
driven positive by the r-f on the modu- 
lating peaks, the power output increases, 
but since grid current flows distortion 
results. 

A dynamic e,—17, curve which is linear 
over the operating range is necessary 
for minimum distortion. When this 
curve is linear the modulation envelope 
has the same waveform as the modulat- 
ing audio signal. The dynamic charac- 
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teristic required is illustrated in Fig. 
6-13. The steady grid bias E,., the 
modulating audio signal e, and the r-f 
carrier input e, are shown along with the 
resulting pulses of anode current. 

The advantage of grid modulation is 
that very little audio-frequency power is 
required for 100% modulation. For this 
reason, grid modulation is sometimes 
called low-level modulation. However, 
the anode efficiency of the r-f power 
amplifier with grid modulation is lower 
than with anode modulation. This is 
due to the lower average value of grid 
excitation. That is, with anode modu- 
lation each positive half cycle of the r-f 
input may drive the control grid to zero, 
while with grid modulation the control 
grid is driven to zero only during the 
positive peak of the a-f modulating 
voltage. 

6.7 Cathode modulation. Cathode 
modulation is a combination of anode 
modulation and grid modulation. The 
circuit, illustrated in Fig. 6-14, has the 
modulation transformer between cathode 
and ground. The transformer secondary 
has two sections LZ, and L,. The upper 
end of Le is connected to the control 
grid through the a-f coupling capacitor 
C and the r-f choke Z3. Since C and L3 
have negligible impedance for a-f, the 
tapping point of the transformer has 
the same a-f potential as the grid. The 


Fia.6-13 Conditions for 
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F1a.6-14 Cathode modulation circuit. 


a-f choke L prevents Le from being 
shorted for a-f through the bias battery. 
The a-f voltage developed across Ly by 
the a-f modulating input causes both 
the grid and cathode potentials to vary 
by the same amount with respect to 
ground. This is equivalent to applying 
a modulating a-f voltage at the anode 
and thus anode modulation takes place. 

The a-f voltage across L; causes the 
cathode potential to vary with respect 
to the grid potential and thus provides 
grid modulation. 

The anode efficiency of the r-f power 
amplifier with cathode modulation is 
between the efficiencies for grid and 
anode modulation. 

6.8 Suppressor-grid modulation. A 
circuit designed for suppressor-grid 
modulation is shown in Fig. 6-15. It 
consists of a parallel-feed Class C pen- 
tode r-f amplifier with tuned input and 
output circuits. The screen supply 
voltage E,,2 is filtered for r-f by Ci, 1 
and C2. The suppressor grid negatively 
biased by EHg3, is maintained at r-f 
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ground potential by the filter L. and C3. 

The operation of the circuit depends 
upon the following facts. 

(i) When an r-f carrier voltage is applied 
to the input an amplified r-f voltage 
appears at the output. 

(ii) When the potential of the suppressor 
grid is made more negative. the 
amplitude of the r-f output voltage 
is decreased. 

(iii) When the potential of the suppressor 
is made less negative the amplitude 
of the r-f output voltage is increased. 

Thus, if a steady bias H,,3 is applied 
to the suppressor to set the operating 
point and then an audio modulating 
signal is applied to the suppressor via 
the transformer 7',, the suppressor bias 
is caused to vary at an audio rate and 
the amplitude of the r-f output, for 
steady r-f carrier input, varies at the 
audio rate. Thus the modulated r-f 
voltage is obtained at the output of 
the amplifier. 

To obtain the value of steady operat- 
ing bias for the suppressor, a negative 
bias is applied to the suppressor grid 
and increased negatively until the r-f 
output from the circuit becomes zero 
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Via.6-15 Suppressor-grid modulation circuit. 
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when the r-f carrier input is applied. 
For example, in Fig. 6-16 which shows 
typical operating curves, a suppressor 
bias —150V is required. This value of 
negative suppressor grid voltage is noted. 


Then the suppressor bias is gradually 


decreased, increasing the r-f output and 
the bias is noted at the point where the 
r-f output begins to drop off. This is 
approximately +50V in Fig. 6-16. The 
value half way between these two bias 
limits is the operating bias. | This is 
about —5OV in Fig. 6-16. The maximum 
amplitude of the a-f modulating voltage 
which may be used is half the difference 
between the two bias limits. This would 
be 100V for Fig. 6-16. 

The r-f output curve in Fig. 6-16 is 
not particularly linear except near the 
operating point. Thus, to avoid dis- 
tortion of the modulation envelope, the 
amplitude of audio modulating voltage 
input and hence the percentage modu- 
lation is restricted. Also, since the 
screen current rises as the suppressor 
potential goes negative the modulating 
voltage amplitude must not be such as 
to cause the permissible screen dissipa- 
tion to be exceeded. 

6.9 Comparison of amplitude modu- 
lation methods. A comparison of the 
two common methods of modulation, 
grid modulation and anode modulation, 
indicates that anode modulation is fairly 
free of distortion, is efficient and requires 
large audio power. Grid modulation is 


FUNDAMENTALS OF RADIO 


Relative values 
of current 
and voltage 


Normal operating bias 


Suppressor grid voltage 


Frc.6-16 Operating curves for suppressor-grid 
modulation. 


less efficient and has more distortion. but 
the modulating power required is small. 
Code transmitters, where some distortion 
is permissible, use this method. 

A comparison of the various methods 
of modulation is shown in the table at 
the bottom of this page. 

6.10 Sidebands. When an r-f carrier 
is modulated by a single sinusoidal audio 
frequency, there are three sinusoidal 
radio-frequencies in the modulated 
carrier. They are: 

(i) the original carrier frequency 

(ii) the carrier frequency plus the audio 
frequency 

(iii) the carrier frequency minus the 
audio frequency. 

To illustrate graphically that three 
r-f frequencies are present in the single- 
frequency modulated wave, the develop- 
ment of a 100% modulated r-f carrier 


Comparison of Methods of Modulation 
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is shown in Fig. 6-17. The r-f carrier 
current or voltage wave of frequency 100 
Ke/s and amplitude A, is sinusoidal, 
Fig. 6-17 (b). Fig. 6-17 (a) illustrates a 
second sinusoidal r-f wave of frequency 
90 Ke/s and amplitude 4A . A third 
sinusoidal r-f wave of frequency 110 
Ke/s and amplitude 4A, is shown in 
Fig. 6-17 (c). 

If the instantaneous values of the 
three r-f waves are added algebraically 
at corresponding times and the resultant 
values plotted on a graph, the resultant 
wave obtained appears as in Fig. 6-17 
(d). This resultant wave is a modulated 
r-f wave having a frequency of 100 Ke/s 
but modulated at a frequency of 10,000 
c/s. This modulation frequency is a-f 
and in value is the difference between 
the r-f carrier frequency of 100 Ke/s 
and either of the second or third r-f 
waves of 90 Ke/s and 110 Ke/s. 

This development shows that a single- 
frequency audio-modulated r-f wave is 
made up of three sinusoidal r-f com- 
ponents. The two r-f frequencies 90 Ke/s 
and 110 Ke/s on either side of the 
carrier are called the sedeband frequencies. 
The frequency which is greater than the 
carrier frequency is called the upper 
sideband frequency and that which is 
smaller is called the lower sedeband fre- 
quency. Fig. 6-17 also shows that the 
amplitudes of the two sideband frequen- 
cies are each one-half the amplitude of 
the carrier for 100% modulation. Since 
the r-f carrier, modulated at an audio 
rate, is made up of three r-f frequencies, 
it is important to note that it contains 
no audio-frequency components. 

When an r-f carrier is modulated by 
the frequencies of voice or music, many 
audio frequencies become involved. For 
each audio frequency in the modulation 
process, two new r-f frequencies are 
present in the modulated r-f wave in 
addition to the original r-f carrier 
frequency f. They are: 
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I'1a.6-17 Frequency components in modulated 
r-f waveform (a) Lower sideband r-f waveforra 
(b) R-f carrier waveform (c) Upper sideband 
r-f waveform (d) Resultant modulated r-f carrier 
waveform. 


(i) the carrier frequency plus the audio 
frequency (f+f;) 
(ii) the carrier frequency minus the 
audio frequency (f—f;). 
The many new r-f frequencies resulting, 
form a group or band of frequencies 
called stdebands. Therefore it is impor- 
tant to note that in amplifiers of modu- 
lated r-f the response curves of the tank 
circuits must be wide enough so that 
their impedances are high for all the 
sideband frequencies present in the 
modulated wave. 

A modulated r-f carrier in a long-wave 
or short-wave radio band occupies a 
group of radio frequencies which extend 
about 5000 cycles on each side of the 
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carrier, when voice or music frequencies 
are involved. This group of frequencies 
form the channel. The channel width 
is 10,000 cycles or twice the highest 
modulation frequency (2f;). 

From Fig. 6-17 it is seen that for 100% 
modulation, the ratios of the amplitudes 
of the carrier and two sideband currents 
or voltages are Ay: Ao: 240, that is, 
1: 4: 4. Since power is proportional to 
the square of the current or voltage, 
the ratios of the powers of the carrier 
and two sidebands are 1:4:4. Thus, 

total power of carrier and sidebands 

power of carrier 

leas 

1 
oA 
Sir 
From this it may be seen that the con- 
tinuous power with 100% modulation 
is 1.5 times the power of the original 
unmodulated carrier. Further, with 
100% modulation, 663% of the power 
is in the carrier and 333% is in the 
sideband frequencies, that is, the side- 
band power is one-half the carrier power. 
Since the intelligence is conveyed by the 
sideband frequencies it is advisable to 
keep the sideband power as high as 
possible. 

The power required to generate the 
carrier wave is supplied from the power 
supply of the r-f power amplifier. How- 
ever, the power required to generate the 
sideband components of the modulated 
wave is supplied from the modulator 
output. The following example illus- 
trates how the preceding information 
may be used. 

Example. A 5000-watt carrier is to be 
modulated 100%. Find the required 
modulator power output if the r-f am- 
plifier has an anode efficiency of 60%. 

The total power of carrier and 
sidebands = 145000 = 7500 watts. 
Therefore, the power of the sidebands 
= 7500-5000 = 2500 watts. 
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Since the r-f power amplifier has an 
anode efficiency of only 60%, the modu- 


100 : 
lator must supply peer ey or approxi- 
mately 4200 watts. 


6.11 Types of transmission with 
amplitude modulation. In the types of 
amplitude modulation previously dis- 
cussed the a-f modulating signal is a 
single-frequency sinusoidal voltage. In 
actual practice the r-f carrier may be 
modulated in any one of the following 
ways. 


A. Radio-Telephony Modulation (r-t) 


In this type of transmission the ampli- 
tude of the continuous r-f carrier is varied 
in accordance with voice or music fre- 
quencies (Fig. 6-18). In the case of 
voice or music, many audio frequencies 
are involved, ranging up to about 
15,000 c/s. 


B. Keyed Continuous-W ave 
(Keyed c-w) 


If the intelligence is in the form of 
Morse code, the transmission is keyed. 
The radiated wave is started and stopped 
to correspond with the dots and dashes 
of the code. During the periods of 
transmission when the key is closed, the 
amplitude and frequency of the r-f wave 
are constant. During the intervals when 
the key is open, the amplitude is zero 
and there is no transmission. The wave- 
form of the resultant transmission appears 
in Fig. 6-19. 
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Fra.6-18 R-t modulated r-f carrier waveform. 


AMPLITUDE MODULATION 


FEAL TMH 
arr il TTT CA 


HINA 


Fic.6-19 Keyed c-w waveform. 


C. Keyed Modulated-Continuous-W ave 
( Keyed m-c-w) 


This type of transmission is the same 
as keyed c-w, except that the amplitude 
of the wave to be keyed is varied at a 
single audio frequency. Typical a-f’s are 
400 and 1000 c/s. Fig. 6-20 illustrates 
keyed m-c-w or keyed single-frequency 
modulation. 


6.12 Keying principles. The type of 
transmitter required for keyed c-w trans- 
mission (Fig. 6-19) is similar to that 
designed for r-t modulation except that 
there is no modulated r-f amplifier and 
no modulator. For keyed m-c-w trans- 
mission (Fig. 6-20) these stages are 
present. The amplifiers are operated 
Class C at the fundamental frequencies 
or are operated as frequency multipliers 
depending upon the operating frequency. 

Crystal control is commonly used for 
short-wave code transmitters. For fre- 
quencies above 10 Mc/s frequency- 
multiplier amplifiers are usually em- 
ployed, the crystal-controlled oscillator 
working at a sub-multiple of the operat- 
ing frequency. Long-wave code 
transmitters usually have master- 
oscillator control without a crystal. 

The following problems may occur 
in keying and may be overcome as 
suggested. 


A. Back-Wave 


The transmitter is keyed satisfactorily 
if the power output from the transmitter 
and aerial is zero when the key is open 
and if full power is sent out from the 
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Fic.6-20 Keyed m-c-w waveform. 


aerial when the key is closed. If there 
is transmission from the aerial in the 
intervals between the dots and dashes 
of the code, the dots and dashes are 
only louder parts of a continuous sound 
and the reading of the code is difficult. 
The sound heard between the dots and 
dashes is called back-wave and might 
exist, for example, if only the final stage 
preceding the aerial were keyed. The 
keying of a high-power transmitter is 
usually carried out in one of the low- 
power amplifiers or frequency-multiplier 
amplifiers. 


B. R-F Pulse Shape 


The shape of the r-f pulses forming 
the dots and dashes is important. If the 
transmission is started and stopped in- 
stantaneously, the pulses will have the 
square shape shown in Fig. 6-21 (a). 
In this case, an infinite number of 


(lI 


by keying 


generated 
(a) Sharp keying introduces high-frequency 
harmonics (b) Distortion of waveform due to 
suppression of high-frequency harmonics. 


FiG.6-21 Harmonics 
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harmonics is present. Although the 
amount of energy involved at any one 
radio frequency is small, interference 
may be caused in nearby receivers in the 
form of clicks or thumps. In order to 
reduce interference, the higher harmonics 
in these pulses are suppressed. Lower 
harmonics are retained to keep dots and 
dashes clearly separated and the message 
easily readable. The higher harmonics 
may be suppressed and the pulses given 
a suitable shape in either of the following 
ways. 

(i) The r-f energy is passed through 
tuned circuits with the desired band 
width and shielding is used to pre- 
vent the undesired components from 
being radiated before passing through 
the tuned circuits. 

Gi) A time-delay or lag circuit is used 
with the key as in Fig. 6-22. This 
circuit causes the pulses to be turned 


on and off gradually so that the very ~ 


high harmonics are eliminated. The 
inductance L in the lag circuit causes 
oscillations to build up slowly and 
the capacitor C assists in causing 
them to die away slowly. The circuit 
is carefully adjusted to avoid extreme 
distortion of the pulses which causes 
them to blur into each other, as in 
Fig. 6-21 (b). The variable resistor 
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F'1q.6-22 A time-delay or lag circuit. 
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Fic.6-23 Inductance-capacitance spark sup- 
pression circuit. 


R across the inductance and the 
resistor R, in series with the capaci- 
tor permit a wide range of adjust- 
ment. The optimum values of 
resistance, capacitance and induc- 
tance are found experimentally. 


C. Key Contact Sparking 


A spark at the key contacts, even 
though small, causes damped oscillation 
in the keying circuit which may modulate 
the transmitter output or may simply 
be radiated by the key wiring. This 
interference is usually confined to the 
vicinity of the transmitter. The sparking 
is reduced or eliminated by a circuit 
arrangement as in Fig. 6-23. This filter 
circuit consisting of L,, Le and C is 
connected across the key and close to 
it. The chokes, 2-80mH, oppose changes 
in current and the capacitor, 0.001-0.14F, 
absorbs charge to reduce sparking. 


6.13 Keying Circuits. The position 
selected for the key in the transmitter 
circuit depends on 

(i) the power of the transmitter 

(ii) the speed of keying 

(iii) the degree of frequency stability 

required. 

The two general methods of keying 
are accomplished 

(i) by interrupting the main power 

supply to the transmitter or to 
one or more of its r-f stages 

(ii) by controlling the grid potential 

of one or more of the r-f stages. 
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Fic.6-24 Keying in the primary circuit of 
power supply. 

A. Power-Supply Keying 

Power-supply keying is accomplished 
by either primary keying or secondary 
keying. 

1. PRIMARY KEYING. 

The hand key or relay-operated mag- 
netic key is connected in the primary 
circuit of the main H.T. supply trans- 
former (Fig. 6-24). The power supply 
shown in this diagram employs full-wave 
rectification. Since all stages receiving 
H.T. voltages from this supply are shut 
down when the key is open, minimum 
power is wasted. However, since a large 
current is being interrupted the key must 
have heavy contacts and the resulting 
mechanical inertia prevents high-speed 
keying. The filter circuit L and C of the 
power supply causes a keying lag due 
to the time constant involving the filter 
capacitor. If more than a single section 
of filtering is used the time lag is too 
great for crisp keying. 

2. SECONDARY KEYING. 

In secondary keying, the key, usually 
a relay-operated magnetic key, is con- 
nected into the secondary of the main 
H.T. supply transformer either in the 
positive or negative lead. Since the 
positive lead is not a. good choice due 
to its high positive potential the key is 
usually in the negative lead (Fig. 6-25). 
As in primary keying, all stages fed: by 
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Fic.6-25 Keying in the secondary circuit of 
power supply. 


this power supply are shut down when 
the key is open and minimum power is 
wasted. However, the key contacts are 
heavy and high-speed keying is difficult. 

A variation of this method results 
when the power supply makes use of grid- 
controlled rectifier valves (Fig. 6-26). 
Arelay-operated keyis employed. Keying 
is accomplished by applying a suitable 
bias to the grids to shut off the power 
supply when the key is open. When the 
key is closed the keying relay operates 
to remove the bias and turn on the 
supply. The resistor R prevents the 
bias supply from being short-circuited 
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Fia.6-26 Keying in the secondary circuit of 
powersupply using grid-controlled rectifier valves. 
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Fr1a.6-27 Keying in the anode supply lead. 


when the key is down. Sparking across 
the relay contacts is prevented by C and 
R. This circuit is used with high-voltage 
supplies and the keying relay must be 
well insulated. 

3. ANODE K&YING. 

Another variation of secondary keying 
is anode keying. The relay-operated 
magnetic key is inserted in the positive 
lead as in Fig. 6-27 or the negative lead 
as in Fig. 6-28. 

The method of inserting the key in 
the positive lead is avoided whenever 
possible due to the high potential. This 
type of keying is best suited for low- 
power work. 

4. CATHODE KEYING. 

Cathode keying is similar to anode 
keying since it cuts off the power supply 
to one stage. Since the keying is in the 
cathode lead (Fig. 6-29) the grid return 


Fic.6-29 Cathode keying with indirectly- 
heated valve. 
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Fic.6-28 Keying in the cathode supply lead. 


path to the cathode is also broken. Less 
sparking occurs than in anode keying. 
When the cathode is directly heated 
this type of keying is called centre-tap 
keying (Fig. 6-30). Since centre-tap 
keying produces extremely bad key clicks 
a key click filter consisting of L,, R,, Cy, 
and FR, is employed. 

A more efficient key click filter employs 
a valve (Fig. 6-31). The keying valve V, 
is connected in series with the centre-tap 
lead of the keyed valve Ve. When the 
key is closed the grid of the keying 
valve is connected directly to the filament. 
This valve V, then acts as a low resistance 
in the lead. When the key is open a 
large resistance is placed in the cathode 
circuit of V;. Vj, operates near cut-off 
and is a high resistance in the cathode 
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Fia.6-30 Cathode keying with directly-heated 
valve. 
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Fiag.6-31 Centre-tap keying with a keying 
valve. 
circuit of V.. As a result the output of 
the amplifier V2 is reduced to nearly zero. 


B. Grid Keying 


This type of keying, illustrated in 
Figs. 6-32 and 6-33, is carried out by 
supplying sufficient blocking bias or 
paralyzing bias to a control grid in 
addition to the normal working bias on 
the control grid to cut off anode current 
when the key is open. When the key is 
closed this blocking bias is removed 
leaving only the normal working bias. 

Fig. 6-32 shows the blocking bias 
connected in series with the working 
bias between grid and cathode. Resistor 
Ri prevents shorting of the blocking 
bias when the key is down. RR, and C 
form a circuit for controlling the shape 
of the code pulses. 

In Fig. 6-33 the cathode resistor 
provides the working bias while the 
blocking bias is obtained from a voltage 
divider R, and fk, across the H.T. 
supply. In some cases both the blocking 
bias and the working bias are obtained 
from a voltage divider across the H.T. 
supply. 

Grid keying is always used in high- 
speed transmission. A small key is 
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Fic.6-32 Grid keying with blocking bias from 
a separate source. 


employed since only small power is 
controlled directly. There is minimum 
risk of sparking. 

Absorption grid keying is illustrated 
by Fig. 6-34. The stage with V, is 
being keyed. Vz is the absorber valve 
which, with its load resistance Rf, con- 
stitutes a load on the power supply equal 
to that of the transmitter when the 
transmitter is shut down during keying. 
Thus there is the same load on the power 
supply at all times and there is little 
possibility of power line surges with the 
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Fia.6-33 Grid keying with blocking bias from 
the power supply. 
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Fic.6-34 Absorption grid keying. 


result that the frequency is held more 
constant. 

During the intervals between code 
pulses, the key is at S. The grid of the 
absorber valve is connected to its cathode 
so that current flows through V2 and 
power is dissipated in the load resistor 
R. At the same time the blocking bias 
is applied to the keyed stage V, to shut 
it down. 

During the transmission of code pulses, 
the key is at M. The blocking bias is 
applied to the absorber valve V2 and the 
keyed stage has only its operating bias. 
Capacitors C; and C2 are connected across 
the key contacts to prevent sparking. 

6.14 Oscilloscope test patterns. The 
oscilloscope test for percentage modula- 
tion can be relied upon as an effective 
method since the oscilloscope gives an 
actual picture of the modulated r-f out- 
put of the transmitter. 

Two procedures are employed. The 
first gives a picture of the modulated r-f 
wave clearly showing the envelope. The 
second provides a trapezoidal pattern. 


A. First Procedure 


To employ the first method the output 
from the final stage of the transmitter is 
applied to the vertical-deflection plates 
of the oscilloscope by means of a pick-up 
loop and twisted fair line, Fig. 6-35 (a), 
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or link coupling and a circuit tuned to 
the transmitter frequency, Fig. 6-35 (b). 
The coupling is adjusted to give the 
desired amplitude on the oscilloscope 
screen. The internal sweep of the oscillo- 
scope is adjusted to an audio frequency 
to give the picture of the modulated r-f 
output. When there is no modulated 
r-f output applied to the oscilloscope the 
sweep alone is observed as in Fig. 6-36 (a). 
When the carrier only is applied the 
pattern, Fig. 6-36 (b), is seen. Less 
than 100% modulation provides a picture 
as in Fig. 6-36 (c). The pattern in 
Fig. 6-36 (d) appears with 100% modu- 
lation. Over 100% modulation appears 
as in Fig. 6-36 (e). If the modulation 
is sinusoidal the percentage modulation 
is calculated by direct measurement on 
the oscilloscope screen and the use of 


the formula: 


bagihy 100 


Percentage modulation = 
2 


where hi = the maximum height with 
modulation 

the height of the carrier 
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F1c.6-35 Coupling c.r.o. to transmitter to 
obtain modulation test patterns. 
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Fic.6-36 Modulation test patterns (a) Zero 
r-f output (b) Unmodulated r-f output (c) R-t 
modulated r-f output with less than 100% modu- 
lation (d) R-t modulated r-f output with 100% 
modulation (e) R-t modulated r-f output with 
more than 100% modulation. 


B. Second Procedure 

The trapezoidal pattern is obtained 
by applying the transmitter output to 
the vertical plates of the oscilloscope as 
previously suggested. However, in this 
case the internal sweep voltage on the 
horizontal plates is replaced by a portion 
of the output from the modulator as in 
Fig. 6-37. The output voltage of the 
modulator. is applied through the block- 
ing capacitor C to the voltage divider 
R, and R,. The voltage applied to the 
X-plates is taken across the centre tap 
of the potentiometer R, and ground. 

The oscilloscope pattern appears as in 


To the modulated r-f 
power amplifier 


To X-plates 
of the c.r.o. 


Fic.6-37 Coupling c.r.o. to transmitter to 
obtain trapezoidal test patterns 
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Fig. 6-38 (a) when there is no r-f voltage 
applied to the vertical plates and no 
modulator voltage applied to the hori- 
zontal plates. When there is no modu- 
lator output and the carrier is applied 
to the vertical plates the pattern of Fig. 
6-38 (b) is observed. When the carrier 
is modulated less than 100% and voltages 
are applied to vertical- and horizontal- 
plates a trapezium is seen, Fig, 6-38 (c). 
With 100% modulation the pattern 
appears as a pointed wedge, Fig. 6-38 (d). 
Over 100% modulation gives the pattern, 
Fig. 6-38 (e), in which the wedge has a 
thin horizontal line appearing at the 
point of the wedge. The modulation 
percentage is obtained as in the first 
method by measuring the modulated 
and unmodulated carrier heights and 
using the formula previously stated. 

6.15 Types of modulation. In this 
chapter amplitude modulation only is 
discussed. However, in general, modu- 
lation is the process of producing a radio 
wave some characteristic of which varies 
in accordance with the audio modulating 
wave. 

A radio wave has three characteristics 
which can be varied when modulation is 
taking place. These characteristics are 
the amplitude, frequency and phase. As 
a result, there are three types of modu- 
lation. as follows: 
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¥'1G.6-38 Trapezoidal test patterns (a) Zero 
r-f output and zero sweep voltage (b) Unmodu- 
lated r-f output (c) R-f output modulated less 
than 100% (d) R-f output modulated 100% 
(e) R-f output modulated more than 100%. 
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(i) amplitude modulation, in which the 
amplitude is varied in accordance 
with the modulating wave, while fre- 
quency and phase remain constant 

(ii) frequency modulation, in which the 

frequency is varied while amplitude 

and phase remain constant 

phase modulation, in which the 

phase is varied while amplitude and 

frequency remain constant. 
The last two types of modulation are 

discussed in Chapter XIII. 


(11) 


6.16 Applied mathematics. 
A. Mathematical Expression of an 
Amplitude-Modulated Wave 


A sinusoidal carrier wave of current 
may be represented by the formula 


i =I sin (wt+@) (1) 
where 7 = instantaneous r-f current In 
amperes 


I = amplitude of the r-f current 
in amperes 
w = angular frequency in radians 
per sec. (w = 2zf) 
f = frequency of the r-f current 
in cycles per second 
t = time in seconds 
6 = phase angle in radians. 
If this carrier is amplitude modulated 
by a single-frequency sine wave of cur- 
rent its amplitude is given by 
I = I, (1+ m sin w,t) (2) 
where 7) = average amplitude of modu- 
lated current in amperes 
modulation factor 
ws = 2nf, where f, is the modulat- 
ing frequency. 
Substituting for J from (2) in (1) and 
assuming @ = 0, 
t= Io (14+ sin 2rf,t) sin 2xft 
Io (sin 2xft+m sin 2xfjt sin 2rft) 


m 
= I, [sin aanfit— cos 2r (f—f,)t 


m 


I 


~= cos 2m (f+f,)t]. 
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Fi1c.6-39 Comparison of amplitudes of carrier 
and sidebands for single sinusoidal modulating 
frequency. 

This formula for the modulated r-f car- 
rier shows that the wave contains the 
three frequencies 

(i) the original carrier frequency f 

(ii) the carrier plus the modulating fre- 
quency (f+fs) 

(ii) the carrier minus the modulating 
frequency (f—f;). 

The carrier and the two sidebands are 
represented graphically in Fig. 6-39, the 
current amplitude vertically and the 
frequency horizontally. 

When the carrier is 100% modulated, 
m = 1 and the amplitude of each side- 
band is one-half the amplitude of the 
carrier. 


B. Calculation of C,, Ry and Re 
in Fag. 6-387 


To calculate the sizes of R, and R» 
in Fig. 6-37 the following considerations 
are made. The ratio of R, to R,; should 
be large enough to give a satisfactory 
horizontal sweep voltage on the screen. 
Consider R. to be a 0.25MQ potenti- 
ometer. The value of R, depends upon 
the audio output voltage of the modu- 
lator in the following manner. The 
total resistance of R,; and R, in series 
should be 0.25MQ for every 150V of 
modulator output. In general, this 
voltage is equal to \»/PR where P is the 
audio power output of the modulator 
and & is its output impedance. However, 
in grid modulation with a 1:1 output 
transformer it may be assumed that 
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this voltage is 0.7H, for one valve or 
1.4#, for a push-pull stage, where £, is 
the d-c component of modulator anode 
voltage. If the transformer ratio is not 
1:1, this output voltage is calculated as 
above and then multiplied by the turns 
ratio. The blocking capacitor C is 
0.luF or more. The following example 
illustrates a calculation of Ry. 

Example. Suppose that the d-c com- 
ponent of anode voltage in a grid- 
modulated push-pull stage is 536V and 
that the output transformer ratio is 1:1. 
Calculate R, if Rez is 0.25MQ. 


6.17 Questions and problems. 


1. Why is transmission through space 
not carried out at audio frequencies? 

2. How is audio-frequency intelligence 
transmitted through space? 

3. Define modulation. t 

4. What is meant by the modulation 
envelope? 

5. Define percentage modulation. 

6. What is meant by the modulation 
factor m? 

7. Between what limits does percentage 
modulation vary? 

8. Between what limits does the modu- 
lation factor m vary? 

9. What is the disadvantage of modu- 
lation which is greater than 100%? 

10. How can distortion result when there 
is less than 100% modulation? 

11. Name the three principal methods 
of amplitude modulation. 

12. Give the two main properties of 
amplifier and oscillator circuits which 
are necessary for amplitude modula- 
tion. 

13. Draw a typical circuit for anode 
modulation. 

14. Describe the operation of the circuit 
for anode modulation. 


Output voltage 


Since 2, +R, 


15. 


16. 


We 


18. 


19; 


20. 


21. 


22. 


23. 


24. 
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1.4X 536 
750V 


0.25MQ for every 
150V of output volt- 


age 
750 
RitR. = 0.25 10&*— 
1 2 x x 750 
= 1.25108 
“. Rit Re = 1.25 megohms. 


Since R, = 0.25 megohms 
“. Ry is 1 megohm. 


Explain why there must be a linear 
relation between the anode current 
and the anode voltage varying at the 
audio rate in anode modulation. 


Why must there be a linear relation 
between the anode tank current and 
the anode voltage varying at the 
audio rate? 


Why is anode modulation also called 
high-level modulation? 

Between what limits is the anode 
voltage varied to obtain 100% 
modulation? 


What is the source of the power 
required to generate the carrier wave? 


Draw a typical circuit for grid 
modulation. 


Explain the operation of the circuit 
for grid modulation. 


Why is it not desirable to drive the 
grid positive during grid modulation? 


What appearance should the dyna- 
mic @.—% curve have for minimum 
distortion? 

Why is grid modulation also called 
low-level modulation? 
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25. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


39. 


40. 


Draw a circuit for cathode modu- 
lation. 


Compare anode and grid modula- 
tions to show advantages and dis- 
advantages of each. 


Draw atypical circuit for suppressor- 
grid modulation. 


Explain the operation of the circuit 
for suppressor-grid modulation. 


How is the correct value of operating 
bias found for the circuit for sup- 
pressor-grid modulation? 


When an r-f carrier is modulated by 
a sinusoidal audio frequency, how 
many frequencies are present in the 
resulting wave? 


Are the resulting frequencies in 
question 30 a-f or r-f? 


What are the resulting frequencies 
in question 30 called? 


If a carrier of 600 Ke/s is modulated 
by an a-f wave of 400 c/s what are 
the frequencies present in the result- 
ing wave? 


How does the total power of the 
carrier and sidebands compare with 
the carrier power when there is 100% 
sinusoidal modulation? 


Why is it desirable to keep the 
sideband power as high as possible? 


What is the channel width in the 
broadcast band? 


What supplies the power for the 
sidebands? 


If a 10,000-watt carrier is present 
what sideband power is required for 
100% modulation? 


Name three types of transmission 
using amplitude modulation and 
define each one. 


What is meant by back-wave in 
keying? 


41. 


42. 


43. 


44, 


45. 


46. 


47. 


48. 


49. 


50. 


ol. 
52. 


53. 


54. 


55. 


56. 
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Why are the shapes of the r-f pulses 
forming the dots and dashes impor- 
tant? 


Give two methods for suppressing 
higher harmonics in code pulses. 


Draw a circuit for spark suppression 
at key contacts. 


Give three factors which determine 
the position selected for a key in a 
transmitter. 


What are the two general methods 
of keying? 


Draw a circuit to illustrate primary 
power-supply keying and explain the 
operation. 

Give an advantage and disadvantage 
of power-supply keying. 

How is secondary power-supply key- 
ing carried out? 

Draw a circuit to illustrate keying 
employing grid-controlled rectifier 


valves and explain the operation of 
the circuit. 


Draw a circuit to show anode keying 
and explain the circuit operation. 


How is cathode keying carried out? 


Draw a circuit to illustrate grid 
keying and explain its operation. 


Give an advantage of grid keying. 
Draw a circuit to illustrate absorp- 
tion grid keying and explain its 
operation. 

Illustrate sinusoidally modulated r-f 
waves with 

(a) 100% modulation 

(b) less than 100% modulation 

(c) more than 100% modulation. 
Give the formula used to make direct 


measurement of percentage modu- 


lation for the waveforms in question 
55. 


57. 


58. 
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Illustrate trapezoidal patterns seen 
on an oscilloscope screen with 


(a) 100% modulation 
(b) less than 100% modulation 
(c) more than 100% modulation. 


An anode-modulated oscillator has a 
100-watt valve. The valve works 
at an efficiency of 60% and is fully 
loaded when the aerial current is 
80% modulated. The aerial power 
with this degree of modulation is 
32% greater than the aerial power 
when the aerial current is unmodu- 
lated. The modulator valve gives a 
distortionless output and when its 


output is a maximum its efficiency 
is 20%. If the maximum power 
output of the modulator valve 
produces 80% modulation of aerial 
current find 


(a) the maximum power output of 
the modulator valve 


(b) the power dissipated as heat at 
the modulator valve anode when 
the microphone is quiescent 

(c) the modulator valve rating 

(d) the overall efficiency of the trans- 

’  mitter when its aerial current is 


unmodulated and when it is 
80% modulated. 
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CHAPTER VII 


DETECTION 


7.1 Principles of detection (demodu- 
lation). As seen in the chapter on Modu- 
lation, it is not possible to carry out 
wireless transmission at audio frequen- 
cies directly due to several difficulties, 
some of which are 
(i) the necessary aerials would be too 
long 

(ii) aerials do not radiate efficiently at 
such low frequencies 

(iii) only one station could be on the air 
at one time due to the resulting 
interference. 

To overcome these difficulties the 
method of impressing the audio frequen- 
cies on a carrier wave of high radio 
frequency was devised. This modulated 
carrier-wave method of transmission has 
none of the above disadvantages, but in 
order for it to be useful it must be 
possible to reproduce the modulating 
audio frequencies at the point of recep- 
tion. This process of recovering the 
modulating frequencies from the modu- 
lated r-f carrier wave is known as detection 
or demodulation. 

In this chapter, only the detection of 
amplitude-modulated waves is discussed. 
The detection of frequency-modulated 
waves is discussed in Chapter XIII. In an 
amplitude-modulated carrier wave the 
frequencies present are the upper side- 
bands, the carrier frequency and the 
lower sidebands. These are all r-f fre- 
quencies. If the corresponding r-f volt- 
ages are applied directly to a loud- 
speaker or earphones no sound is heard. 
The alternate half cycles, more or less 
equal, succeed one another too rapidly 
for the diaphragm to follow. The dia- 
phragm responds only to the average 
value which is zero since the voltage 


waveform is symmetrical. If, however, 
the waveform is distorted in some way, 
frequency components other than the 
carrier and sidebands are obtained and 
one of these components will be at the 
frequency with which the carrier was 
modulated at the transmitter. If the r-f 
voltage, having this distorted waveform, 
is applied to a loudspeaker or earphones 
the diaphragm responds to the average 
value which varies according to the 
modulation envelope. Any asymmetri- 
cally-conducting device which provides 
complete or partial rectification is suit- 
able for distorting the wave and is called 
a detector. That is, a detector produces 
an audio-frequency output voltage which 
has the same waveform as the modulation 
envelope. 

7.2 Diode detection. The diode detec- 
tor is the simplest and most widely used 
of the various types of detectors. It 
derives its name from the fact that a 
diode valve is used as the rectifier which 
distorts the incoming r-f signal. The 
basic circuit is given in Fig. 7-1. 


A. Operation of the Circuit 


The desired r-f signal is selected by 
means of the tuned circuit and applied 


R-f 
signal 
input 


Fic.7-1 Simple diode detector circuit without 
a filter. 


cil 


ee 


across.the diode and the resistor & in 
series. The waveform of this applied 
voltage is shown in Fig. 7-2 (a). The 
section from A to B shows an r-f carrier 
voltage and from B to C a carrier which 
is modulated at a single audio frequency. 

When the r-f carrier voltage is applied 
across the diode and the resistor, the 
diode conducts on the half cycles when 
the anode is positive. Therefore pulses 
of current flow up through the resistor & 
producing a voltage across & as shown 
between A and B in Fig. 7-2 (b). When 
the modulated r-f voltage is applied 
across the diode and resistor, the ampli- 
tudes of the current pulses through FR 
vary with the changing amplitudes of the 
positive half cycles of input voltage. The 
resulting voltage across R is shown be- 
tween B and C in Fig. 7-2 (b). If the 
voltage across &, shown between A and 
B in Fig. 7-2 (b), is applied to a loud- 
speaker or earphones no sound is heard 
since the average value of voltage is 
steady. However, when the voltage be- 
tween B and C is applied a sound is 


Voltage applied to diode and R 


oo 


wn | rm : vie 
(a) 


Fig.7-2 Voltage waveforms in diode detector 
(a) R-f input to the detector (b) Output voltage 
of the detector. 
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Fia.7-3 Diode detector circuit with a filter. 


produced since the average value of 
voltage varies in accordance with the 
modulation envelope. Thus the sound 
which was used to produce the modulat- 
ing signal is heard. 

The a-f variations form the useful 
voltage output from the circuit. Thus, a 
capacitor C' is placed in parallel with the 
resistor R as in Fig. 7-3, to eliminate the 
r-f variations which are of no further use. 

When the r-f carrier is applied, the 


‘diode conducts on a positive half cycle 


and C charges up to practically the peak 
value of the applied voltage. As the 
anode voltage falls and goes negative for 
a half cycle the diode does not conduct. 
The charge on C then begins to leak off 
through R, but the size of R is chosen 
so that only a small amount of charge 
leaks off by the time that the voltage 
again becomes positive enough to make 
the diode conduct and recharge the 
capacitor to the peak voltage. The result- 
ing voltage across C and R is therefore 
a steady d-c at practically the peak 
voltage of the incoming signal with a 
slight r-f ripple superimposed on it, as 
shown in the section AB of Fig. 7-4 (a). 
The voltage pulses under the capacitor 
voltage are those obtained when C is not 
present. Now if the r-f is modulated, 
its peak voltage varies at an a-f rate. 
However, as before, the capacitor con- 
tinues to charge to the peak voltage and 
discharge slightly through R when the 
anode is negative with respect to the 
cathode. The resulting voltage across 
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Voltage across C and R 


e, with no C 
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Anode-to-cathode voltage of diode 


A 


Average value 


(c) 


Fic.7-4 Voltage and current waveforms in a 
diode detector with filter (a) Voltage developed 
across RC filter (b) Current through the diode 
(c) Voltage across the diode. 


C and RF is an a-f voltage with a slight 
r-f ripple superimposed on it as shown 
in section BD of Fig. 7-4 (a). The 
values of R and C are chosen so that 
although the voltage across Ff is prac- 
tically the peak voltage of the r-f, yet 
the RC time constant is such that the 
voltage across R can follow the a-f 
variations of the r-f voltage amplitude. 
The magnitude of the r-f ripple is greatly 
exaggerated in this diagram, since, in 
actual practice, there are hundreds of 
r-f cycles during one a-f cycle. Thus the 
voltage across R varies in accordance 
with the a-f modulating signal and de- 
tection has taken place. Since the capaci- 
tor C charges to the peak value of the r-f 
pulses, the amplitude of the a-f output is 
greater than that obtained when no 
capacitor is used. In the latter case the 
a-f output is only the average value of 
the r-f pulses. 

The anode-to-cathode voltage across 
the diode is shown in Fig. 7-4 (c). On 
the positive half cycles the diode con- 
ducts and its impedance is low. Thus a 
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small amount of the applied voltage 
appears across the diode. On the nega- 
tive half cycles the diode does not con- 
duct and its impedance is very high. 
Therefore, all of the applied voltage 
appears across the diode. The r-f wave- 
form of voltage across the diode is dis- 
torted so that the average value varies 
according to the modulation envelope. 

Current through the diode during the 
same period A to B to D is shown in 
Fig. 7-4 (b). The current pulses have a 
small amplitude since the diode con- 
ducts only when the input voltage on the 
positive half swing exceeds the voltage 
across the capacitor. 

In Fig. 7-4 (a) it is seen that the 
voltage across # is a varying d-c. That 
is, it may be considered to be made up 
of two parts, a steady d-c and an a-c 
component. It is not desirable to pass 
the d-c voltage on to the next stage and 
therefore a blocking capacitor C, (Fig. 
7-5) is used when coupling the output 
a-f voltage from the detector to the grid 
of the following amplifier stage. 

The operation of the circuit is also 
explained by using the fact that voltages 
which are not sinusoidal are made up of 
sinusoidal components of various fre- 
quencies. The incoming r-f voltage ap- 
pears almost entirely across the diode 
since C is chosen so that X, is much less 
than R at r-f. The incoming r-f is recti- 
fied by the diode. The resulting distorted 
diode current is made up of r-f and a-f 


Modulated 
r-f input tae 
Output 
Cc a-f 


voltage 


Fia.7-5 Diode detector and output coupling 
circuit. 
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Fic.7-6 Diode detector with parallel load. 


components and a d-c component. & is 
needed to provide a path for the d-c. 
The value of C is such that it by-passes 
the r-f but offers a large reactance to 
the a-f and therefore the modulating 
signal voltage appears across it. & is 
equal to or greater than X, at a-f so 
that it does not shunt the capacitor and 
therefore lower the a-c load. Finally, the 
a-f output voltage is coupled to the next 
stage through a blocking capacitor C, 
which has a low reactance to a-f. 


B. Other Forms of the Circuit 


Fig. 7-5 shows the most widely used 
form of the basic diode detector cir- 
cuit. However, the basic circuit may 
appear in some slightly different arrange- 
ments which are considered here. 

Fig. 7-6 shows a parallel arrangement 
of the diode and RC filter circuit. The 
operation is similar to the previous case 
in which the diode and RC circuit are in 
series. However, the output is the 
voltage across the diode as shown in 
Fig. 7-4 (c). Since this output consists 
of r-f and a-f components, additional r-f 
filtering is required. 

In the two previous circuits the diode 
provides half-wave rectification. By 
using the double diode, full-wave recti- 
ficaticn is obtained. The circuit is shown 
in Fig. 7-7. The input and output volt- 
age waveforms are shown in Fig. 7-8. 
Since each diode conducts on alternate 
half cycles of the input voltage, pulses at 
double the r-f frequency appear across R 
in the absence of C, as shown in Fig. 
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Fia.7-7 Full-wave diode detector. 


7-8 (b). The advantage of this circuit 
is that the r-f ripple in the a-f output is 
considerably reduced. The r-f ripple is 
double the frequency of the incoming r-f 
and therefore the reactance of C at this 
frequency is very small. As a result 
there is no need for any further r-f filter- 
ing in the a-f output. This advantage is 
offset to some extent by the additional 
expense and also by the fact that since 
the transformer is centre-tapped, only 
half the incoming voltage is applied to 
each diode. This reduces the sensitivity 
of the detector. 


C. Characteristics of the Detector 
1. LINEARITY. 


By linearity or fidelity is meant the 
ability of the detector to produce as an 
a-f output, a voltage which is directly 
proportional to the modulation envelope 
of the applied signal. The linearity of a 
diode detector is very good. This is due 
mainly to the fact that the dynamic 
€)—t% curve (Fig. 7-9) is very straight 
over most of its length. To reduce any 
distortion caused by the curved portion 
at the bottom, the input voltage should 
be as large as possible, usually not less 
than 10V peak. In addition the per- - 
centage modulation should be kept 
slightly under 100% since with 100% 
modulation the modulation envelope dips 
down to cause operation in the curved 
portion of the e,—7, curve. 

A perfectly linear valve curve is not 
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Input modulated r-f voltage 


€r with no C 


Output voltage across R and C 


(6) 


Fia.7-8 Voltage waveforms in a full-wave de- 
tector (a) Modulated r-f input (b) Output voltage. 


enough in itself to guarantee no distor- 
tion. The values of the load resistance R 
and the capacitor C are an important 
consideration. If C is too large, then the 
time constant CR is too long compared 
to the time of an a-f cycle. The capaci- 
tor C is not able to discharge quickly 
enough as the a-f voltage decreases from 
its maximum amplitude. This type of 
distortion is called diagonal clipping (Fig. 


7-10). As far as the value of R is con- 
ew 
& 
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Fic.7-9 Diode e,—i, curve showing linear 
operation. 
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cerned, two factors must be kept in 
mind. Firstly, the effective a-c load to 
the a-f and not just the value of R is the 
factor which determines the amount of 
distortion. That is, the grid resistor of 
the following stage must be sufficiently 
large to prevent a-f shunting of R. It is 
usually made at least twice the value of 
k. Secondly, R must be much greater 
than the r, of the diode. 

2. InpuT IMPEDANCE OR RESISTANCE. 

A diode detector is characterized by a 
low input impedance since it draws cur- 
rent from the source. This is a dis- 
advantage since it lowers the Q of .the 
tuned input circuit, thus reducing its 
selectivity. This is particularly trouble- 
some if there are not several stages hav- 
ing good selectivity preceding the 
detector. 

3. SENSITIVITY. 


Another characteristic of the diode de- 


tector is its poor sensitivity. It cannot 
detect signals of less than approximately 
one-quarter of a volt. However in most 
modern receivers this is not a problem 
since one stage of r-f amplification can 
give an output of 10V peak. As a result 
the diode detector is widely used. 

The poor sensitivity of the diode de- 
tector results from two facts. Firstly, 
the a-f output voltage is smaller than 
the input modulation amplitude. The 
ratio 

a-f output amplitude 
modulation amplitude 
is called the detector efficiency and is be- 
tween 90-95% for a well designed diode 


x 100 


Diagonal clipping of a-f output 


Fia.7-10 Diagonal clipping due to excessively 
large filter capacitor. 
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detector. This lack of amplification is 
the main reason for the poor sensitivity. 
Secondly, however, the low input imped- 
ance to the diode reflects a low imped- 
ance into the primary of the tuned input 
circuit and the r-f voltage developed here 
is lower than if the input impedance 
were high. 

4. SrgnaL-HANDLING CAPABILITIES. 

The diode detector is able to handle 
very large input signals without over- 
loading and causing distortion due to the 
Jong linear portion of the e,—% curve. 
This is one of the advantages which has 
brought the diode detector into general 
use. 

5. FREQUENCY RESPONSE. 

The frequency response of a diode de- 
tector is excellent. That is, for a given 
input voltage, the output voltage re- 
mains constant over a wide range of 
frequencies. 

6. AUTOMATIC VOLUME CONTROL. 

The diode detector circuit is particu- 
larly useful in that it provides a method 
of obtaining automatic volume control 
in a radio receiver without using a 
separate circuit. 


D. The Practical Circuit 

The values of R and C used in prac- 
tice depend on the frequency range of 
the receiver in which the detector is used. 
As a practical example let us consider 
the values required in a receiver to be 
used over the broadcast band, 500 to 
1500 Ke/s. The value of R, in Fig. 7-3, 
must be much greater than the r, of 
the diode and also approximately equal 
to the reactance of the capacitor C at 
a-f. Values ranging from 100,0009 to 
1MQ are used, with 300,0002 being a 
very common value. The value of C 
must be chosen so that the CR time 
constant will be long compared to the 
time of an r-f cycle and short compared 
to an a-f cycle. The highest audio fre- 
quency encountered in ordinary broad- 
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Fia.7-11 Practical diode detector. 


cast receivers is about 5000 c/s. A time 
constant frequently used is about } of an 


a-f period, that is 20,000 sec. 
1 
Hence CR = : 
ence 20,000 sec 
If R = 300,0000 
Then C= antd al he! Sad 
20,000 300,000 
1 
6x10" 
= 150 10-?? 


Therefore C is approximately 150uyF. 

A common arrangement of a practical 
diode detector circuit is shown in Fig. 
7-11. The usual load resistor R is broken 
up into R; and R;. In order to reduce 
any r-f voltage in the output to a mini- 
mum the capacitor C; is added in the 
position shown and the output is taken 
across Ry, instead of across both R; and 
Ry. C2 is the blocking capacitor to stop 
the d-c voltage from affecting the grid 
of the next stage. It must have a small 
reactance to a-f and is therefore of the 
order of .0luF. Rs is large compared to 
f, and R, to minimize any a-c shunting 
of the diode load. R; is a potentiometer 
to vary the amplitude of the a-f output 
and so act as the volume control in a 
receiver. 
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Fia.7-12 Single-valve diode detector and a-f 
amplifier. 


It is very common practice to include 
the diode detector and the succeeding 
a-f triode amplifier in one valve. A 
circuit making use of such a valve is 
shown in Fig. 7-12. The numbering of 
the components corresponds to that in 
Fig. 7-11 so that comparison may be 
made. 

7.3 Crystal detection. Another form 
of rectifying device which is used for 
detection consists of a crystal in contact 
with a metal, or combinations of two 
crystalline substances in contact with 
each other. Some crystals having the 
unique property of conducting better in 
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Fia.7-13 Voltage-current characteristics for 
two crystals. 
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one direction than the other are galena, 
silicon, carborundum, zincite, iron 
pyrites, and hertzite. The crystal is 
rigidly mounted in a metal base and 
either one of the sharp angles of the 
crystal presses against a metal plane, or 
a fine metal point bears against the 
crystal. With galena only a light pressure 
is needed and a light, pointed wire called 
a cats-whisker pressing on the crystal is 
commonly used. Silicon and iron pyrites 
require a slightly higher pressure which 
makes them more stable but at the same 
time less sensitive in rectifying small 
signals. Carborundum can stand a still 
higher pressure making it very stable but 
correspondingly less sensitive. Besides 
the fact that the sensitivity is very de- 
pendent on the pressure, it also varies 
widely with different spots on the crystals 
and the contact must be placed so that 
it is pressing on one of the sensitive 
spots. Two crystal-voltage crystal-cur- 
rent curves are shown in Fig. 7-13. 
When a crystal is used as a detector 
the circuit is the same as for the diode 
detector except that the diode valve is 
replaced by the crystal. A circuit is 
shown in Fig. 7-14. The arrow in the 
crystal symbol points oppositely to the 
direction of best conduction of electrons. 
The action is identical to that of a diode 
detector. C is an r-f by-pass capacitor 
so that most of the r-f voltage appears 
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Fia.7-14 Crystal detector. 
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across the crystal. C and R are also 
chosen so that they have a long time 
constant compared to the length of an 
r-f eycle but a short time constant com- 
pared with an a-f cycle. For certain 
conditions it is desirable to adjust the 
operating point to a point of maximum 
curvature of the rectifier characteristic. 
This is done by means of a positive 
polarizing voltage £, as shown in Fig. 
7-13. In such a case a small battery in 
series with the crystal and by-passed for 
r-f is inserted in the circuit at the points 
marked X as shown in Fig. 7-14. 

The actual resistances of the crystals 
vary widely with size, type and length 
of time used, but the important factor to 
be considered is the rectifying ratio which 
is the resistance in one direction divided 
by the resistance in the opposite direc- 
tion. An average value is 10 to 1 but ina 
very good crystal it may be as much as 
40 to 1, for example, 12,0002 in one 
direction and 3002 in the other. A 
crystal is of no more use if the ratio falls 
below 4 to 1 and it is then said to be 
burnt out. A sensitive point on a crystal 
can be very easily burnt out by putting 
too large a signal on the crystal and 
causing too much d-c to flow. Crystals 
also have the disadvantages of being 
quite delicate mechanically and variable 
in their properties. They have, never- 
theless, several advantages over valve 
rectifiers. The circuit is simpler, there 
are no filaments to heat and no replace- 
ments necessary due to filaments burn- 
ing out. They are very compact and 
have a sensitivity which compares quite 
favourably with diode detectors. Their 
main advantage lies in the fact that there 
are no transit time effects as in a valve 
and they have an extremely low capaci- 
tance between the terminals. This makes 
them very useful, if not indispensable, 
in very-high and ultra-high-frequency 
work. This application is discussed in 
Chapter XVII. 
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7.4 Linear detection and square-law 
detection. An ideal detector is designed 
to produce an output exactly propor- 
tional to the size of the modulating 
signal. Unfortunately, many detectors 
fail to do this and distortion results. 
They often introduce currents of fre- 
quencies which were in neither the re- 
ceived signal nor the modulating intelli- 
gence and thus give rise to amplitude 
distortion. If the detector does not 
respond equally well to all the modulat- 
ing frequencies frequency distortion is 
introduced. And lastly, if the detector 
reproduces the different frequency com- 
ponents in altered phase relationships to 
the original, then phase distortion is 
introduced. It should be emphasized 
again that distortion of the r-f carrier 
wave is absolutely necessary, but distor- 
tion of the a-f modulating signal in any 
of the previously mentioned ways is 
undesirable. Although no detector in 
practice is free from such distortion, in 
all practical detectors the degree of dis- 
tortion present is quite tolerable. 

In classifying methods of detection it 
is not sufficient to name them only 
according to the type of rectifier used in 
the circuit. Since the strength of the 
input signal and the type of relationship 
between the input and output voltages 
are inherently involved in the detector 
operation, these characteristics provide 
another method of classification. As a 
result detectors are also described as 
linear or square-law detectors. Linear 
detection is always associated with large 
input signals and consequently is some- 
times called power detection. On the 
other hand, square-law detection is only 
used with small input signals and may 
therefore be called weak-signal detection. 
As its name indicates, linear detection 
makes use of the maximum straight por- 
tion of a voltage-current curve so that 
the a-f output is as nearly directly pro- 
portional to the modulation envelope of 
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the input as possible. That is, there is a 
linear relationship between input and 
output. Linear detection, therefore, is 
the more desirable type if lack of dis- 
tortion in the a-f is an essential feature. 
With linear detection, the distortion of 
the symmetrical r-f input necessary to 
produce detection, is obtained by com- 
plete rectification. The types of detec- 
tors discussed thus far in the chapter are 
examples of linear or power detectors. 
Square-law detection makes use of the 
curved portion of the current-voltage 
curve to produce the distortion necessary 
for detection. As a result the output is 
proportional to the square of the input. 
The reason for this is that the curved 
region at the bottom of any valve current- 
voltage curve is closely represented by 
a second degree equation of the 
form'\y = ax*+bar-+c. 

A simple example of the way in which 
square-law detection takes place is 
demonstrated by assuming that the 
curved section of a current-voltage curve 
is given by 4y = x”, where y is the 
current through the rectifier and x is the 
applied voltage. In this equation y = 32. 
Hence y is directly proportional to x’. 
The graph of this equation is given in 
Fig. 7-15. Square-law detectors always 
operate at some point in the middle of 
the curved region, at the point O in this 
diagram. From the graph it is seen that 
if the input voltage swings to the right 
of the point O, the change in current is 
larger than if it swings to the left of the 
point O. This means that a symmetrical 
r-f input voltage results in a distorted 
rectifier current and detection takes 
place. However, this method also intro- 
duces undesirable distortion of the a-f 
modulating signal, especially if the input 
has a high percentage of modulation 
since the average value of current does 
not vary exactly with the modulation 
envelope. The percentage distortion of 
the a-f is given by the formula 
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Fic.7-15 Voltage-current relationships in a 
square-law detector. 


m 

4 x 100 
where m is the degree of modulation. 

The maximum percentage distortion 

is obtained with 100% modulation and is 
equal to 25%. Square-law second detec- 
tors were commonly used when only 
weak signals were available for the de- 
tector because of a lack of good r-f 
amplifiers and when the percentage 
modulation was not very high. However, 
square-law detection is still of importance 
for several reasons. 

(i) Due to the curvature at the bottom 
of all e,—7 and e,—72 curves, any 
detector operates on the square-law 
principle if the applied signal be- 
comes sufficiently small. 

(ii) It gives a distortionless output of 
the difference frequency for hetero- 
dyne signals, which is of importance 
in superheterodyne receivers. 
It is useful in measuring instru- 
ments such as vacuum-tube volt- 
meters because their behaviour can 
be simply and exactly predicted 
mathematically when the square- 
law detector is used. 
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Fic.7-16 Cumulative-grid detector with series 
grid-leak bias. 

Anode-bend detectors, cumulative-grid 
detectors or crystal detectors are all 
sometimes used as square-law detecting 
devices. In the case of the latter it may 
be necessary to adjust the operating 
point to the optimum position on the 
characteristic curve by means of a small 
polarizing potential as shown in Figs. 
7-13 and 7-14. 

The principles of detection may be 
summed up by saying that the require- 
ments for a detector are as follows. 

(i) Any detector must be a rectifier, 

partial or complete. 

(ii) Any detector circuit must include 
an impedance across which is de- 
veloped a voltage at the modulating 
frequency. 

When such requirements are met, the 

results are 

(i) the production of a non-symmetri- 
cal output from a symmetrical input 
variation 

(ii) the selection and rejection of a-c 

components in the asymmetrical 

output by the filter circuits 

a direct-current component. This is 

made use of in automatic volume 

control circuits which are discussed 

in Chapter IX. 

These fundamentals apply equally to 
first or second detectors. In this chapter 


(iii) 
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Fia.7-17 Cumulative-grid detector with paral- 
lel grid-leak bias. 
only the various types of second detec- 
tors are considered. For a discussion of 
first detectors see Chapter IX on super- 
heterodyne receivers. 

7.5 Cumulative-grid detection. This 
method of detection is also called grid- 
leak detection or grid-current detection. It 
employs a triode valve and provides 
amplification as well as detection. For 
this reason it was widely used when good 
r-f amplification did not exist. With this 
method, the detection takes place in the 
grid circuit. Figs. 7-16 and 7-17 show 
the two possible arrangements in the 
grid circuits but the operation is the 
same for both. Audio transformer coup- 
ling may also be used in the output since 
it increases the gain of the detector stage. 

To understand the operation of a grid- 
leak detector it must be considered in 
two parts, one, the grid circuit in which 
the detection takes place, and two, the 
anode circuit of the triode which provides 
amplification and additional filtering. 
The action in the grid circuit corresponds 
with that in the diode detector. The grid 
is the diode anode and R and C make up 
the diode load. The choice of R and C 
depends on the same considerations as 
were discussed under diode detection. 
The incoming r-f voltage is applied be- 
tween grid and cathode which form the 
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anode and cathode of the diode and is 
rectified. The a-f component in the dis- 
torted r-f voltage appears across the RC 
circuit. These a-f voltage variations are 
applied between grid and cathode and 
cause the anode current to vary accord- 
ingly. An amplified a-f output voltage is 
developed across the resistors R; and Ro. 
The r-f voltages which were by-passed 
to ground by C are also amplified by the 
triode. These are by-passed to ground 
by C,; which offers a much lower react- 
ance to r-f than does the anode load R, 
and R.. Thus only the a-f voltage is 
passed on to the next stage to be ampli- 
fied. This general description of the 
operation holds for both linear and 
square-law grid-leak detection. 

Grid-leak detection is used with both 
weak and strong signals. Although the 
circuit and general operation is the same 
in each case, the detailed operations 
differ sufficiently to be discussed under 
separate headings. 


A. Weak-Signal Grid-leak Detection 


The rectification in the grid circuit is 
_ caused by the curvature in the dynamic 
grid-voltage grid-current e,—7z,. curve 
(Fig. 7-18). This curve indicates that 
grid current does not cut off until the 
grid is one volt negative with respect to 
the cathode. A bias is developed across 
the grid leak resistor due to grid current 
flow. With weak signals of the order of 
0.1 to 1.0 volts this bias is such as to 
make the operating point come in the 
middle of the curved region. The r-f 
- variations are not large enough to drive 
the grid beyond cut-off and therefore 
grid current flows at all times. 

With zero signal, grid current flows 
through R and charges C (Fig. 7-16) and 
develops a bias across C and R which sets 
the operating point at A in Fig. 7-18. 
When the modulated r-f voltage is ap- 
plied to the input of the circuit, the grid 
current rises on the positive half cycles 
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Fia.7-18 €c—% curve illustrating weak-signal 
grid-leak detection. 


of the r-f input and C is charged to 
nearly the peak of the input voltage. 

On the negative half cycles the grid 
draws very little current and C' begins to 
discharge through R. Since R and C are 
chosen to have a long time constant 
compared to the time of an r-f cycle, the 
voltage across R remains practically the 
peak voltage of the r-f input. However, 
the time constant is short compared to 
the time of a cycle of the modulation 
envelope. Hence the bias across C and R 
varies with the modulation envelope. 
Since the r-f input varies about this bias 
changing at an a-f rate, the voltage be- 
tween grid and cathode is distorted as 
shown in Fig. 7-18. Therefore, the anode 
current of the valve is distorted in a 
similar manner as in Fig. 7-19. The 
average value of anode current provides 
the a-f output. 

Since this detector operates entirely 
over the curved portion of the e,—7, 
curve, a square-law relationship exists 
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F1a.7-19 Anode-current, grid-voltage wave- 
forms for grid-leak detection. 
between the modulation envelope of the 
input and the a-f output voltage. 

The distortion in the a-f is quite 
severe and depends on the percentage 
modulation in the input. To prevent any 
further a-f distortion in the anode circuit 
when amplification takes place, it is 
necessary that the triode be operated 
over a linear portion of the e,—7, curve 
(Fig. 7-19). The length of the linear 
portion is controlled by the value of 
H.T. voltage. Since the signal voltage 
and grid current are very small, large 
values of R and C are required to pro- 
duce satisfactory bias and _ sensitivity. 
Typical values of C aud R are 300upuF 
and 1—3MQ, while the d-c anode volt- 
age on the triode is about 50V. 

The linearity of this detector is poor 
owing to the square-law operation. 
Another possible source of frequency dis- 
tortion is the r-f by-pass capacitor Cy 
which, if it is too large, will also by-pass 
the higher audio frequencies. On account 
of the poor fidelity, this detector cannot 
be used for r-t work, but it is quite satis- 
factory for c-w or m-c-w, where dis- 
tortion of the code signal is of less conse- 
quence. A second disadvantage of this 
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detector lies in the fact that it draws 
grid current, which results in a damping 
of the tuned input circuit with a conse- 
quent loss of selectivity and sensitivity 
in the preceding stage. Besides this it 
can handle only a small range of signal 
strengths without overloading and caus- 
ing very severe distortion. Although 
widely used at one time, it has a limited 
application today. 


B. Power Grid-Leak Detection 


As its name indicates, this method of 
detection is very similar to the preceding 
one except that much larger signals up to 
5V or more are applied. With the appli- 
cation of larger input signals the operat- 
ing point P on the e,—2, curve moves 
back almost to cut-off (Fig. 7-20). On 
the negative half cycle the grid is driven 
well beyond cut-off and no current flows 
from cathode to grid. On the positive 
half cycles, pulses of grid current flow 
to keep C charged to the peak of the r-f 
input voltage. Again, this flow of grid 
current has the disadvantage of reducing 
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Fia.7-20 e,—i, curve illustrating power grid- 
leak detection. 
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Fig.7-21 Anode-bend detector. 


the selectivity of the input circuit. Since 
the input voltage is so much larger, the 
positive half cycles operate mostly over 
the linear portion of the e,—7, curve and 
the a-f component across R approaches 
fairly closely in waveform the input 
modulation envelope. Because the a-f 
variations on the grid of the triode are 
also much larger, it is necessary to in- 
crease the length of the linear portion of 
the triode e,—72 curve if distortion is to 
be avoided. This is accomplished by 
increasing the triode d-c voltage from 
50V to about 150V. 

Since the signal amplitude is large, 
smaller values of R and C than were 
required for weak-signal detection pro- 
vide the desired bias and sensitivity. 
Typical values of R and C are }MQ and 
100uuF. Although the linearity of this 
detector is much better than for the 
weak-signal type and larger signals are 
applied to this detector it still falls far 
short of the diode detector in these 
respects. The main advantage of this 
circuit lies in its sensitivity. It finds 
application in regenerative receivers. 

7.6 Anode-bend detection. This 
method of detection is also called plate 
detection or grid-bias detection. It makes 
use of the curvature of the e,—2% curve 
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Fia.7-22 e,—7y curve illustrating lower-anode- 
bend detection. 


of a triode or pentode to produce recti- 
“cation. The detection, therefore, takes 
place in the anode circuit and a certain 
amount of amplification is obtained along 
with the detection. It is possible to use 
the curvature which occurs either near 
cut-off or near saturation to provide the 
rectification. If the former is used then 
the method is called lower-anode-bend 
detection while if the latter is used it is 
described as wpper-anode-bend detection. 
The circuit is the same for either method 
but the operating conditions are changed 
somewhat. A circuit is given in Fig. 7-21. 

The operation of a linear anode-bend 
detector using lower-bend detection is 
understood from a study of Fig. 7-22 
which shows an e,—2 curve with the 
input grid voltage and output anode 
current waveforms. The valve is biased 
practically to cut-off point. In the cir- 
cuit (Fig. 7-21) cathode bias is used. 
Since C, is a by-pass capacitor for both 
r-f and a-f, a 25uF electrolytic in parallel 
with a 500uuF mica capacitor is com- 
monly used. The r-f input from the 
preceding stage is applied directly be- 
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tween grid and cathode. The grid 
potential then varies symmetrically on 
either side of the fixed bias. During the 
positive half cycles of the input voltage, 
current flows through the valve; during 
the negative half cycles, the input volt- 
age swings the grid below cut-off so that 
no current flows. 

The anode current flows in pulses and 
is therefore unsymmetrical and has an 
average value that varies in accordance 
with the a-f modulation. The anode load 
also forms a filter circuit which by-passes 
the r-f to ground. An amplified a-f volt- 
age is developed across #3 and is coupled 
to the next stage by Cy. The r-f filter 
capacitors increase the amplitude of the 
a-f output by charging to the peaks of 
the r-f pulses. The choice of R2C2 and 
R;C3 depends on the same criterions as 
were applied in the case of the filter 
circuit in the diode detector. C4 is the 
coupling capacitor which offers a low 
reactance to a-f. 

Fig. 7-23 shows a different load and 
filter combination in the anode circuit. 
The amplified a-f voltage is developed 
across L3R:. The a-f choke L; is shunted 
by R, to improve the a-f response at low 
frequencies. J» is an r-f filter choke. 
With large signals the linearity is fairly 
good but the anode load must be large 
to minimize the effect of the curvature 
at the bottom of the e,—7, curve. The 
choice of the r-f by-pass capacitors C2 
and C; is critical. If they are too large 
the higher audio frequencies are by- 
passed but if they are too small the 
amplitude of r-f in the anode circuit is 
too large and the negative feedback 
through the anode-grid capacitance be- 
comes appreciable and damping of the 
input circuit occurs. Another considera- 
tion in the prevention of distortion is 
that the input signals must never be 
large enough to drive the grid positive. 
If this occurs the grid draws current and 
two undesirable effects result. One is the 
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Fia.7-23 Anode-bend detector with inductive 
loading. 


reduction of selectivity of the input 
circuit. The other is a distortion of the 
a-f output. This second effect is caused 
by the grid rectification produced when 
the grid current flows. From a compari- 
son of the anode currents in Figs. 7-19 
and 7-22 it may be seen that at time ¢, 
on the graph there is a decrease in the 
average anode current with grid recti- 
fication while there is an increase in 
average anode current with plate recti- 
fication. Therefore if the grid is driven 
positive during the modulation peaks 
the effect of grid rectification counter- 
acts the effect of anode rectification and 
the positive pulses of anode current are 
clipped during the modulation peaks. 
Thus the negative peaks of a-f output 
voltage are clipped. Since under normal 
operation the grid is not driven positive 
and no grid current flows there is a very 
high input impedance with a resulting 
high selectivity in the input circuit. The 
input impedance is not infinite due to the 
shunting effect of grid-to-cathode capaci- 
tance which prevents the use of this 
circuit above about 30 Mc/s. This de- 
tector has the advantage over the diode 
of higher sensitivity and selectivity but 
has only fair linearity and signal- 
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Fia.7-24 e.—i) curve showing lower-anode- 
bend square-law detection. 


handling capabilities. It is used in in- 
expensive broadcast receivers and in 
amateur communication sets where 
fidelity is not a primary consideration. 

The lower-anode-bend detector is 
sometimes used as a square-law detector. 
The circuit is exactly the same as above 
except that only small signals are applied 
and the grid bias is adjusted to set the 
operating point in the middle of the 
curved region of the e,—72 curve as in 
Fig. 7-24. 

Upper-bend detection is only used 
with pentodes because the upper bend 
occurs in the region of negative grid 
potentials while with triodes the upper 
bend occurs in the region of positive grid 
potentials. The circuit is the same as in 
Fig. 7-21 except the grid bias is adjusted 
so that the anode current is at saturation. 
The graph showing how the rectification 
takes place is given in Fig. 7-25. Upper- 
bend detection with pentodes gives 
slightly stronger signals but has the dis- 
advantage of consuming more power 
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Fia.7-25 e,—ty curve illustrating upper-anode- 
bend detection. 


from the supply than lower-bend 
detection. 

7.7 Infinite-impedance detection. This 
detector operates as a lower-anode-bend 
detector, except that the anode load R, 
is in the cathode circuit as in Fig. 7-26. 
R, is chosen so that when no signal is 
being applied the d-c anode current 
biases the valve very close to cut-off. 
R, is by-passed for r-f, but not for a-f, 
by C,. C3 and R3 maintain the anode at 
both r-f and a-f ground potential. 

Since the valve is biased close to cut- 
off anode current flows in pulses during 
the positive half cycles of the modulated 
r-f input as in Fig. 7-27. The average 
value of the anode current varies in 
accordance with the modulation envelope. 
Thus, since C; is not an a-f by-pass, the 
voltage across Ci; also varies in ac- 
cordance with the modulation envelope. 
This a-f voltage is the output of the 
detector and also provides negative feed- 
back in the form of an additional bias 
which varies at the a-f rate. The r-f 
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input varies about this a-f bias and 
appears as in Fig. 7-27. Since this bias 
increases as the signal amplitude in- 
creases and since the initial bias is large 
the grid never goes positive. Since the 
grid never goes positive, no current flows 
in the input grid circuit and therefore 
the input impedance is always infinite, 
giving the detector its name. In con- 
trast to the anode-bend detector, the 
input impedance can be more truly said 
to be infinite because the effect of the 
grid-cathode capacitance is negligible 
since there is such a small voltage de- 
veloped across it. As a result, the fre- 
quency response of this detector is excel- 
lent. Due to the negative feedback on 
the grid the a-f amplification closely 
approaches but cannot exceed 1 as for a 
diode detector. Another result of the 
negative feed back is that second har- 
monic distortion is considerably reduced 
for a-f. 

The infinite-impedance detector com- 
pares favourably with the diode detector 
in the size of the applied signal voltage 
permissible and therefore in the ampli- 
tude of the output modulating-frequency 
voltage which it can provide. The output 
may approach half the anode supply volt- 
age without overloading. For minimum 
distortion it is an advantage to apply a 
fairly large signal voltage. However, it 
falls short of the diode detector in that 
automatic volume control is not easily 
obtainable from the same circuit. 

This detector is becoming increasingly 


FUNDAMENTALS OF RADIO 


Average Pulses of anode 
value current 


“1 Average grid voltage 


. R-f grid-to-cathode voltage 


Fia.7-27 e,—%t, curve illustrating infinite-im- 
pedance detection. 


popular where a distortionless detector 
is needed for large signals and where, 
due to the demand of good selectivity, a 
current drain on the input circuit would 
be a particular disadvantage. 

7.8 Vacuum-tube voltmeters. A 
vacuum-tube voltmeter is a widely used 
and important piece of radio test equip- 
ment. It consists essentially of a detector 
in which the change of anode current due 
to an input voltage can be calibrated in 
terms of the input voltage. It has 
several very decided advantages over the 
current-operated electromagnetic type of 
voltmeter, some of which are: 

(i) a very high input impedance which 
may beas high as 100MQ and seldom 
is lower than 10MQ 
a wide frequency response; a well 
designed meter can be calibrated at 
60 c/s and still give accurate read- 
ings at 50 Mc/s 
high sensitivity; the voltmeter as a 
whole can be made very sensitive 
while using only a reasonably sensi- 
tive, and therefore cheaper, milli- 
ammeter in its circuit. 


(ii) 


(iii) 
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Fra.7-28 Slide-back vacuum-tube voltmeter. 


The vacuum-tube voltmeter is therefore 
particularly useful in circuits in which 
the flow of meter current appreciably 
alters the voltage to be measured as in 
r-f circuit measurements, measurement 
of amplifier output voltages, or of the 
voltage of a charged capacitor. 

The vacuum-tube voltmeter may take 
many forms. Some measure a-c only, 
others d-c only and some both. Some 
measure r.m.s., Some average and others 
the peak value of the applied voltage. 
In the following sections three of the 
most common types are discussed briefly. 


A. Slide-Back Vacuum-Tube Voltmeter 


This type of meter measures the peak 
value of the input voltage. <A circuit is 
given in Fig. 7-28. The action is summar- 
ized as follows with the aid of Fig. 7-29. 
The triode acts as a lower-anode-bend 
detector. The grid bias is adjusted near 
to cut-off so that a very small anode 
current flows. The signal is then applied 
and the anode current flows in pulses 
and its average value increases. The grid 
bias is again increased until the average 
anode current equals its initial value. 
The increase in grid bias is taken to be 
the same as the peak voltage of the 
positive half cycle of the input. signal. 
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Fiaq.7-29 e,—iy curve illustrating operation of 
slide-back vacuum-tube voltmeter. 


Actually this gives a value which is a 
little lower than the true peak voltage 
since the change in bias permits the 
peaks of the a-c to exceed the initial bias 
in order that the average bias they estab- 
lish is the same as the initial bias and 
causes the same anode current to flow. 

A more detailed consideration of the 

operation of the circuit and the function 
of its various components now follows. 
This is given in steps which are in the 
same order as is necessary for actual 
operation of the circuit. 

(i) The meter is switched on. All the 
switches S,, Se, S3, S4 are ganged 
into one master switch. 

(i) R, is turned to the extreme right 

so that the voltmeter V reads zero. 
Then the input terminals are 
shorted. The potentiometer Re, 
which adjusts the negative grid 
bias, is turned until the meter M 
in the anode circuit registers only a 
few microamperes. This is called 
the false zero reading. 

The short across the input is re- 
moved and the unknown voltage 
applied to the input terminals. C, 
is a by-pass capacitor across the 


(iii) 
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bias circuit so that any a-c input 
voltage appears only between grid 
and cathode. On the application of 
a signal the anode current rises. 
C, by-passes the H.T. supply for 
all a-c voltages. 

FR, is turned to the left to increase 
the grid bias until the anode current 
is reduced to the original false zero 
reading. 

(v) The reading on the voltmeter is 
taken to be the peak value of the 
positive half cycles of the input 
voltage. 

If the voltage to be measured is 
greater than 9 volts, additional bias 
can be placed at the point marked 
X. The input voltage is then the 
voltmeter reading plus the addi- 
tional battery voltage. 

Although the slide-back vacuum-tube 
voltmeter always gives a value which is a 
little lower than the true voltage this 
error becomes less if the applied voltage 
is large and the tube characteristic has a 
sharp cut-off. Another disadvantage of 
this type is that it is very difficult to 
use with fluctuating input voltages since 
the operator must have time to adjust 
the slide-back voltage. However, it has 
a very high input impedance since the 
grid draws no current and it can be used 
to measure very high a-c and d-c volt- 
ages. In addition no special calibration 
of the instrument is required. 


(iv) 


(vi) 


B. Vacuum-Tube Voltmeter Employing 
Lower-Anode-Bend Rectification 


Probably the most commonly used 
type of vacuum-tube voltmeter consists 
of a triode lower-anode-bend detector. 
Fig. 7-30 shows the basic circuit. The 
a-c voltage to be measured is applied 
between grid and cathode. The deflec- 
tion of the d-c milliammeter needle is 
proportional to the r.m.s. value of the 
a-c input voltage. The milliammeter M 
is calibrated to read r.m.s. values of the 
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Fia.7-31 eg—7%, curve illustrating full-wave 
square-law operation of voltmeter of Fig. 7-30. 


input voltage directly. The characteris- 
tics of such a voltmeter depend on the 
adjustments. If the bias is adjusted to 
the middle of the curved region of the 
valve e,—1%, curve this is called full-wave 
square-law operation as in Fig. 7-31. The 
anode current is proportional to the 
r.m.s. value of the applied voltage, inde- 
pendent of the applied waveform. Since 
the grid is not biased to cut-off, a small 
anode current flows for zero input signal. 
A network consisting of a battery and 
rheostat across the meter is added to 
balance out this zero-signal anode cur- 
rent and thus permit the use of a more 
sensitive milliammeter (Fig. 7-32). In 
practice it is usually also necessary to 
provide a grid-leak resistor as shown to 
ensure a d-c path to the grid so that bias 
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F1a.7-32 Voltmeter with circuit for balancing 
out zero-signal anode current. 


is always applied. With this circuit the 
meter measures only one range of volt- 
ages, for example, 0.1-1.25V. If higher 
voltages are to be measured a different 
circuit arrangement must be employed. 
One common method used in practice 
is to convert the instrument to a peak- 
reading voltmeter by changing the cir- 
cuit to a slide-back type by means of a 
range selector switch. 

Instead of the full-wave square-law 
operation the circuit is frequently ad- 
justed to provide half-wave square-law 
operation. ‘This is accomplished by set- 
ting the grid bias exactly at cut-off as 
shown in Fig. 7-33. The anode current 
meter reads r.m.s. values as long as the 
signal voltage is small enough to allow 
square-law rectification. For larger sig- 
nals the meter reading approximates 


Anode current 
pulses 


Time 
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Fia.7-33 e,— ty curve illustrating half-wave 
square-iaw operation of the voltmeter of Fig. 7-30. 
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Fia.7-34 Diode vacuum-tube voltmeter. 


average current values. With this ad- 
justment it is not possible to calibrate 
the scale of the a-c milliammeter in 
terms of the a-c voltage applied to the 
grid except by experimental methods. 
However, once it is calibrated it is quite 
accurate for a-c voltages of any fre- 
quency up to about 30 Mc/s. The 
instrument may also be used for measur- 
ing d-c voltages as long as they are con- 
nected with the correct polarity, that is, 
positive to the grid and negative to the 
bias battery side. At no time must the 
grid be made positive with respect to the 
cathode since this allows it to draw cur- 
rent and therefore lower the input im- 
pedance of the meter. 


C. Diode Vacuum-Tube Voltmeter 


The simplest vacuum-tube voltmeter 
of all, consists of a linear, peak, diode 
detector with a meter to measure the 
voltage developed across C as shown in 
Fig. 7-34. The diode conducts on the 
positive half cycles of the input voltage 
charging C to almost the peak of the 
input voltage. The resistance FR in series 
with the sensitive milliammeter together 
form a voltmeter which measures the 
voltage across C and thus the peak value 
of the input applied voltage. This is a 
useful circuit for the measurement of 
very high voltages when a slight flow of 
current is permissible. However, for 
small voltages, this circuit in itself is 
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Fia.7-35 Diode vacuum-tube voltmeter with d-c amplifier. 


usually not sufficiently sensitive, conse- 
quently the diode detector is often fol- 
lowed by a d-c amplifier. The increase 
in current in the anode circuit of the d-c 
amplifier is proportional to the input 
voltage and is calibrated to read input 
voltage directly. 

An actual commercial circuit of this 
type is shown in Fig. 7-35. V; and R,C,; 
form the diode detector. C,R, filter out 
any a-c components appearing across Ff}. 
R;, Rs, Rs and Res set the bias voltage 
for the d-c amplifier. RR, varies the bias 
to balance out the zero-signal anode cur- 
rent so that the meter reads zero. The 
presence of R; causes negative feedback 
which permits the measurement of much 
higher voltages than it is possible to 
measure without it. 3 is adjustable to 
provide several ranges of full-scale volt- 
age. This type of meter is more sensitive 
than the anode-rectification type but the 
input impedance is lower, of the order of 
10-15MQ. The components are specially 
designed and arranged to permit mea- 
surement at very high frequencies. At 
such frequencies, transit-time effects in 
the diode and series resonance of the 
input capacitance and inductance in the 
leads must be guarded against. This is 
accomplished by using an acorn valve 
and mounting Vi, Ri, C1, Ry and C2 in a 
compact shielded housing with a short 


probe as the input lead. This rectifier 
unit is connected to the amplifier by 
means of a shielded cable. The net result 
of such construction is that the meter can 
be used at frequencies up to 100 Mc/s. 
The calibration is usually in terms of 
r.m.s. voltage although the meter actually 
registers the peak value of the input 
waveform. The peak value can be ob- 
tained by multiplying the r.m.s. reading 
by 1.414. 


D. Importance of Waveform in 
Vacuum-Tube Voltmeter Measurements 


In the preceding sections, reference is 
made in two ways to the various types of 
vacuum-tube voltmeters, one according 
to the type of rectifier used in the circuit, 
the other with respect to the response of 
the voltmeter. By the response of the 
voltmeter is meant whether the meter 
responds to peak, r.m.s. or average values 
of the input voltage. Each of these types 
of a-c voltage readings is needed for 
different applications. In practice 
vacuum-tube voltmeters are frequently 
not calibrated in accordance with the 
type of response characteristic of that 
particular meter. For example, a meter 
which actually responds to the peak value 
may be calibrated in terms of the r.m.s. 
value of the input voltage and vice- 


versa. This gives accurate readings as 
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long as the relationship between the 
peak and the r.m.s. values of the input 
voltage is known. All vacuum-tube volt- 
meters are calibrated on the basis of a 
pure sine wave input. The relationships 
between peak, average and r.m.s. or 
effective values of a voltage having a 
pure sine waveform are known. 

These relationships are as follows. 


Peak voltage =r.m.s. voltage 1.414 


or r.m.s. voltage = peak voltage .707. 
Average of full-wave rectified sine wave 
= 63.6% of peak. 
Average of half-wave rectified sine wave 
= 32% of peak. 
However, if the input voltage has a 
complex waveform differing considerably 
from a pure sine wave, these relation- 
ships no longer hold. Some complex 
waveforms are shown in Fig. 7-36. In 
parts (a), (b) and (c) the average and 
r.m.s. values for a peak of 100V are also 
marked on the diagram. With such input 
waveforms it is possible for very serious 
errors to be made in voltage measure- 
ments. For example, suppose a peak- 
measuring instrument is calibrated to 
read r.m.s. values. In case (a) the peak 
voltage is 100V. On the voltmeter this 
is read as the r.m.s. voltage on the basis 
of a sine wave input i.e. 100.707 or 
70.7 volts. Actually the r.m.s. voltage 
is 100V. A similar type-of error can be 
made in an instrument which measures 
r.m.s. and is converted to peak values. 
Another type of error is possible with 
peak-measuring instruments. It occurs 
when the positive peak value of the input 
voltage is different from the negative 
peak value as in Fig. 7-36 (d). This 
situation is detected by reversing the 
input terminals on the voltmeter when 
taking the measurement and noting any 
change in reading. For this reason it is 
sometimes referred to as turnover. The 
true r.m.s. value of such an input voltage 
is approximately equal to the average of 
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Fia.7-36 Complex voltage waveforms. 


the r.m.s. values obtained from each of 
the peak voltage readings. 

Due to the possibility of turnover and 
because the r.m.s. value is a different 
percentage of the peak value for different 
complex waves, it is seen that it is very 
important to check the waveform of the 
input voltage when using a vacuum-tube 
voltmeter if any accuracy is to be ob- 
tained. 


7.9 Applied mathematics. 


A. Distortion in Diode Detectors 


In the section on diode detection it is 
pointed out that a linear valve curve is 
not sufficient in itself to guarantee a 
distortionless a-f output. The size of the 
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Fiq.7-37 Dynamic curves for diode detector. 


load presented to the a-f is an important 
consideration in determining whether dis- 
tortion takes place or not. In order to 
understand the reason for this, it is 
necessary to refer to the dynamic curves 
of a diode (Fig. 7-37). These are obtained 
experimentally by means of a circuit of 
the type shown in Fig. 7-38. The ampli- 
tude EF of input alternating voltage is 
held constant while the bias voltage EF, 
is varied. EH, represents the d-c voltage 
_ which is normally developed across the 
load resistor and which applies a nega- 
tive bias to the anode of the diode. For 
each given amplitude of alternating volt- 
age, the rectified current values, mea- 
sured by the microammeter M are plotted 
against the corresponding values of £;. 
Now suppose the diode load resistor 
Ris .5MQ (Fig. 7-38). In Fig. 7-37 OX 
represents the d-c load line, which is 
merely a plot of voltage across R against 
current through A. If the input carrier 
voltage is 10V peak, the intersection of 
the dynamic curve for a 10V input and 
the load line OX at the point P deter- 
mines that the current is 16u.A while the 
d-c voltage is —8V. If the carrier is 
100% modulated, the operating point 
moves at an a-f rate along the load line 
from Z at the intersection with the zero- 
signal curve, through P, to A at the 
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intersection with the 20V curve and 
back again. The changes in current and 
voltage across R over this region are 
almost exactly proportional to the input 
modulation envelope. A small amount of 
distortion, 5% or less, is produced in the 
region near the zero-signal curve, whith 
may be seen from the fact that PZ is not 
the same length as PA. 

However, if the diode load is shunted 
by the input circuit of the next stage, 
the total effective a-c load for a-f is 
considerably reduced. Assuming that 
the total effective a-c load is 250,000Q 
the a-c load line is given by the dotted 
line CD. Although it has a new slope 
it still passes through the operating point 
P, because for no modulation the condi- 
tions for the d-c load of .5MQ still hold. 
This new load line reaches cut-off when 
the r-f signal is in the neighbourhood of 
3V peak. Therefore, if 100% modula- 
tion is used, the negative peaks are 
flattened considerably creating a high 
percentage distortion. For this case the 
input signal would have to be limited to 
70% modulation in order to overcome 
this effect. The only other alternative to 
limiting the percentage modulation, in 
order to prevent distortion, is to ensure 
that the impedance represented by the 
a-c load line CD is the same as the d-c 
impedance given by the load line OX. 
This is usually accomplished by making 
the value of the grid-leak resistor of the 
following stage three or four times the 
size of the diode load resistor. 
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B. Mathematical Analysis of 
Square-Law Detection 


This analysis holds only for small signal 
voltages which operate over the curved 
portion of the valve current-voltage 
curve (Fig. 7-24). This small region at 
the bottom of the curve is approximately 
a parabola and therefore can be repre- 
sented by an equation of the form 
i, = pt+ge.tre.2 where p, q and r are 
constants whose values depend on the 
curvature of the particular dynamic curve 
in question. Let the steady zero-signal 
voltage on the grid be #, and the steady 
anode current is then given by J, = p+ 
qE.+rE,.2. Now let an alternating signal 
voltage H, sin wt be applied to the grid. 
Since this is superimposed on the steady 
voltage E,, the resulting grid potential 
e, is given by E.+#, sin wt. The cor- 
responding current 2) is then equal to 
pt+q(E.+E, sin wt)+r(H.+E, sin wt)? 
=ptqE.tqE, sin wt+rE,?+2rH,.E, sinwt 

+r,” sin? wt 
From trigonometry 

cos 2wt = 1—2 sin? wt 
or sin? wt = 4(1—cos 2wt) 
Therefore 2, is 
=p+qE.+gE,sin wt+rH,?+2rEE sin wt 
2 

+o (1—cos 2wt) 

and from above 


I, = pt+qE.+rE.2 
Therefore 7, becomes 


2.10 Questions and problems. 
1. What is detection or demodulation? 
2. Why is detection necessary? 


3. What are the two fundamental steps 
in detection? 


4. Draw a simple diode detector circuit 
and explain its operation, using wave- 
forms to illustrate. 
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lies 


9 + (qE,+2rE,£E,)sinot 


,=1,+ 
2 


E, 
_ eri cos 2wt. 


The last two terms represent radio- 
frequency currents for which the average 
value over one complete cycle or at least 
over several cycles is zero. This is 
another way of saying that they are by- 
passed by the r-f by-pass capacitor in the 


tbat Yi 
filter circuit. The term ge represents 


the change in the average value of anode 
current. This shows that the rectified 
current is proportional to the square of 
the amplitude of the applied voltage. 


Also ty = p+qe-+re,? 
Therefore, Ue = q+2re, 

de, 

dy, 
and le,? — soe 


Hence the change in the average anode 


2 

current, ae, may be written in the form 

a 
4 
Bs dy, 
2S 

AN adler 
This shows that the rectified current is 
also proportional to the rate of change of 
slope of the e,—7% curve. Therefore, the 
most sensitive region. for rectification 
occurs about the point where the slope 
is changing most rapidly, ie. at the 
upper and lower bends of the curve. 


Sai 


or 


or 


. Draw a simple full-wave diode de- 

tector circuit. 

6. Why is less filtering required with a 
full-wave diode detector circuit than 
with a half-wave diode detector cir- 
cuit? 

7. What is the disadvantage of a full- 

wave diode detector? 


10. 


at 


12. 


13. 


14. 


15. 


16. 


18. 
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. Ina simple diode detector the value 


of the load resistance is .56MQ. Cal- 
culate the value of the by-pass capa- 
citor if the audio frequency involved 
is less than 7000 c/s. 


. In the filter circuit in a diode detec- 


tor, if R = 1MQ calculate the value 
of C. Check your value by showing 
that X, is small for r-f and large for 
a-f currents. 


In question 9, what type of distor- 
tion results if C is chosen too large? 


What is meant by the rectifying 
ratio of a crystal? 


How is the rectifying ratio of a crystal 
seriously reduced? 


Draw a circuit for a crystal detector 
and explain its action. 


What particular features of crystal 
detectors are mainly responsible for 
their again coming into use? 


What is meant by square-law detec- 
tion? Why is weak-signal detection 
a suitable alternative name? 


Draw a circuit diagram of a weak- 
signal cumulative-grid detector and 
explain its operation using waveform 
diagrams. 


. Describe any changes in the circuit 


of question 16 in order that it may 
act as a power grid-leak detector 
and describe the operation. 


Draw a circuit for a lower-anode- 
bend detector and explain its action 
using diagrams. 


19, 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 
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Describe the changes necessary to 
convert the circuit of question 18 
into an upper-anode-bend detector 
and explain the operation. 

Why are only pentodes used with 
upper-bend detection? 

Explain why distortion takes place 
when a very large signal is applied to 
a linear anode-bend detector. 
What is the effect of the grid-to- 
cathode capacitance in an anode- 
bend detector? 

Draw the circuit for an infinite- 
impedance detector and explain its 
operation with the aid of diagrams. 
Why is the input impedance of an 
infinite-impedance detector even 
higher than that of an anode-bend 
detector when neither draws current? 
Name five types of detectors and 
compare them under the following 
headings 

(a) linearity 

(b) selectivity 

(c) sensitivity 

(d) signal-handling capabilities. 

On what factors does the sensitivity 
of a detector depend? 

Draw a circuit for a simple slide- 
back vacuum-tube voltmeter. 
Explain the operation giving the 
purpose of each circuit component. 
Name three types of vacuum-tube 
voltmeters and give advantages and 
disadvantages for each. 

Explain the meaning of waveform 
error in connection with vacuum- 
tube voltmeter measurements. 
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CHAPTER VIII 


RADIO COMMUNICATION TRANSMISSION 


8.1 Principles of transmission. The 
limitations of transmission by means of 
sound waves are discussed in an earlier 
chapter. A material medium, solid, 
liquid or gaseous is required for the 
transmission of sound. Sound waves in 
air are quickly attenuated so that long 
distance communication by this means 
is not practicable. Radio waves, on the 
other hand, do not require any material 
medium for propagation. They will 
travel over very great distances with 
small attenuation. A radio transmitter 
and its aerial system are used to produce 
radio waves which travel from the trans- 
mitter to the receiver. The intelligence 
which is to be communicated is super- 
imposed upon the radio wave by the 
process of modulation which takes place 
in the transmitter. The receiver recovers 
the intelligence from the radio wave at 
the receiving station. 

8.2 Essentials of a transmitter. The 
essential components of a radio trans- 
mitter are shown in the block diagram 
of Fig. 8-1. The osczllator generates a 
high-frequency alternating current which 
is called the r-f carrier. The oscillator 
operates at a low power level in order 
to maintain an output of constant fre- 
quency. This r-f current from the 
oscillator is amplified by the power 
amplifier and then passed to the trans- 
mitting aerial. Several stages of 
amplification may be used in the power 
amplifier section. The high-frequency 
current flowing in the aerial wire sets 
up radio waves which travel out from 
the transmitter. 

The modulator superimposes the intel- 
ligence to be communicated upon the 


r-f carrier. The modulator consists of 
a microphone and audio-frequency 
amplifier for r-t transmission. This 
circuit is replaced by a tone generator 
if m-c-w transmission is to be used. 
When c-w transmission is employed, the 
modulator is not required and a key is 
used to interrupt the r-f carrier. 

The power supply provides the H.T. 
and L.T. voltages required for operating 
the circuits in the oscillator, power 
amplifier and modulator section. If the 
transmitter is a low-power one, a single 
power supply may be used for all stages. 
If the transmitter is one of high power, 
separate supplies are usually employed 
for the oscillator and power amplifier 
circuits. A low-voltage, well regulated 
supply is used for the oscillator in order 
to avoid changes in frequency due to 
changes in supply voltage. 

The waveforms of the output of each 
section are shown in the block diagram 
of Fig. 8-1 during the transmission of 
m-c-w signals. 

The main consideration in transmitter 
design is the necessity for frequency 
stability. This may be defined as the 
ability of a transmitter to transmit at a 
constant frequency during the total time 
of transmission. In any frequency band 
each transmitter must maintain a stable 
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frequency in order to prevent inter- 
ference at the receiver caused by stations 
operating on adjacent channels. In 
addition, the transmitter must be stable 
in frequency so that the receiver will not 
have to be continually adjusted to be 
kept in tune with the transmitter. The 
difficulty of keeping tuned to a weak 
signal which is unstable in frequency 
might be great enough to prevent the 
operator from copying the message. Also, 
while maintaining a listening watch on 
some frequency, the operator might even 
miss the signal if it were not on frequency. 
Thus good reception depends to a large 
extent upon the frequency stability of 
the transmitter. 

To eliminate the difficulties mentioned 
above, the frequency tolerances for dif- 
ferent types of transmitters in the 
various frequency bands have been laid 
down as international standards. As an 
example, the table at the bottom of this 
page gives the frequency tolerances for 
transmitters in the frequency band from 
10 to 550 Ke/s. 

The above frequency tolerances state 
the maximum permissible separation 
between the actual frequency being 
transmitted and the assigned frequency 
as a percentage of the latter. For ship 
stations, the reference frequency is the 
frequency on which the transmission is 
first observed and the figure in the table 
marked by an asterisk refers only to 
frequency separations permitted during 
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the ten-minute period of transmission 
following first observation. The fre- 
quency tolerances given above do not 
take into account sidebands caused by 
modulation. 


8.3 Frequency stability. 


A. Frequency Drift 


The term frequency drift refers to the 
gradual change in frequency of the oscil- 
lator caused by a change in the tempera- 
ture of the components. In the circuits 
following the r-f oscillator the output 
frequency is the same as the input 
frequency except where a multiplier 
(section 8.8) is used. In this case the 
output frequency is some exact multiple 
of the input. Frequency stability in 
oscillators is also discussed in Chapter V. 

Changes in temperature of the oscillator 
components may be caused by changes 
in loading of the oscillator, gradual heat- 
ing of the valve, changes in external 
temperature and changes in electrode 
or filament voltages. Usually an increase 
in temperature causes an increase in the 
inductance and capacitance so that the 
resonant frequency of the tuned circuit 
decreases. 

Changes in frequency due to external 
temperature changes may be avoided 
by placing the oscillator in a compart- 
ment whose temperature is controlled. 

One way to compensate for changes in 
the circuit values is to use a negative- 
temperature-coefficient capacitor. As the 
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temperature rises the capacitance of the 
capacitor decreases, offsetting the change 
in size of the other components. The 
negative temperature coefficient of capa- 
citance is specified in puF /uuF/°C and 
ranges from 0.0 to 0.00luuF/upF/°C. 
The choice of the proper capacitor with 
the proper temperature coefficient de- 
pends upon the circuit and the one 
compensating component can eliminate 
frequency drift arising from all sources. 

The use of specially constructed anti- 
drift coils is another method of com- 
pensating for frequency drift. If a coil 
is wound on a form having a low tem- 
perature coefficient of expansion, the 
change in dimensions is minimized. When 
a flat conductor is wound on this type of 
form, the change in inductance can be 
reduced to 5-154 H/ H/°C. The coil itself 
may be painted black so that the radiation 
of neat takes place more readily and 
the temperature does not rise as high. 
Another type of anti-drift coil is wound 
on a former with a longitudinal slot. 
Each turn of the coil is wound as in 
Fig. 8-2 to allow the coil and former 
to expand and contract without an 
appreciable change in diameter and hence 
in inductance. 


B. Q of Tank Circuit 


The frequency at which an oscillator 
operates is not exactly the resonant 
frequency of the oscillatory circuit. The 
frequency is such that the phase and 
amplitude of the voltage fed back to the 
grid are correct to maintain oscillation. 
This is very close to the resonant fre- 
quency of the tank circuit and depends 
upon the load on the circuit, the harmonics 
generated, the stray reactances, the 
voltages applied to the valve and the Q 
of the tank circuit. 

The amount by which the operating 
frequency of the oscillator differs from 
the resonant frequency of the tank circuit 
is inversely proportional to the effective 
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Q of the tank circuit. The higher the Q 
the smaller is the change in frequency 
which can be caused by the other 
factors. A high Q is obtained by using 
loose coupling for the feedback to the 
grid circuit and to the output, and by 
using a low L/C ratio in the tank. 
However, loose coupling to the load 
results in lower power output. Thus, 
the Q is usually set at about 12 for 
efficient operation. 


C. Effect of Loading 


When the oscillator is loaded, an im- 
pedance is reflected back into the tank 
circuit which may change its resonant 
frequency and hence the operating fre- 
quency. The resonant frequency of the 
circuit depends chiefly on the values of 
L and C and only slightly on the value of 
R. Thus if the load is highly inductive 
or capacitive the change in the resonant 
frequency, and therefore in the operating 
frequency, is great. In addition, a greater 
amount of loading causes a greater change 
in operating frequency. For best stabi- 
lity the coupling should be as loose as 
possible to prevent excessive loading and 
the reflected load should be a pure 
resistance. A buffer amplifier is usually 
employed between the oscillator and the 
output load to reduce the loading on 
the oscillator. The oscillator can then 
be operated well below its maximum 
power-handling capabilities. A low- 
power oscillator can be used because of 
the power amplification provided by 
the buffer. 
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D. Supply Voltage 

Variations in supply voltages cause 
frequency variations by changing the 
valve factors which affect the compo- 
nents of the oscillatory circuit. The 
interelectrode capacitances depend to 
a certain extent on the space charge and 
the electron density in the valve. Both 
of these are affected by a change in 
anode voltage, grid voltage, or filament 
voltage. To eliminate this source of 
frequency variation, regulated anode, 
screen and filament voltage supplies 
must be used. 


E. Harmonics 

Harmonics generated in the oscillator 
are detrimental to its frequency stability. 
The heterodyning (section 9.5) of these 
harmonics produces fundamental fre- 
quency components which are not 
necessarily in phase with the funda- 
mental frequency currents. This will 
change the resultant phase of the 
fundamental and cause a frequency 
change. The use of a high-Q tank circuit 
minimizes this effect. 


F. Other Causes of Frequency Instability 
Frequency instability in the oscillator 
is also caused by: 

(i) mechanical vibration of components 
such as capacitor plates, lead wires 
and coil turns 

(ii) feedback of energy from the output 

circuit to the input which is not in 
the correct phase or which has not 
the correct amplitude 
parasitic oscillations caused by stray 
inductance and capacitance 
(iv) keying of the oscillator circuit. 
The capacitance of a variable tuning 
capacitor may change considerably with 
vibration and so cause frequency varia- 
tions. To avoid the use of such a 
capacitor, a variable inductor is some- 
times used along with a fixed capacitor 
whose capacitance does not change with 
vibration. Rubber mountings and rigid 
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connecting wires are also used to reduce 
mechanical vibration to a minimum. The 
elimination of unwanted feedback 
through stray inductive and capacitive 
coupling is accomplished by proper 
shielding between stages. Neutraliza- 
tion (section 9.9) counteracts the effect 
of the interelectrode capacitances. 
Parasitic oscillations and undesirable 
feedback are thus reduced. To prevent 
frequency variation caused by sudden 
stopping and starting of the oscillator 
when it is being keyed, it is usually 
operated continuously and the stages 
following it are keyed. 

8.4 Master-oscillator control. When 
the oscillator which generates the carrier 
frequency of the transmitter is not a 
crystal oscillator and is followed by one 
or more power amplifiers it is called a 
master oscillator (m.o.). The oscillator 
is designed for good frequency stability 
and operates at a low power level. The 
power amplifiers are well shielded and 
neutralized so that the unwanted oscil- 
lations do not occur. <A_ frequency 
stability of 100 parts in a million can 
readily be obtained on low and medium 
frequencies. As the frequency is in- 
creased this stability becomes more 
difficult to attain. Master-oscillator 
control permits easy tuning of the 
transmitter to any frequency in a certain 
range. This flexibility is its main 
advantage. 

8.5 Crystal control. The use of a 
crystal oscillator to control the frequency 
of the transmitter provides higher fre- 
quency stability than is obtainable from 
a master oscillator. Since the crystal 
may be damaged if it is over-driven, the 
power output of the oscillator must be 
kept to a very low value. This necessi- 
tates the use of more amplification after 
the oscillator than in the case of m.o. 
control. However the advantage of 
higher stability makes up for this 
disadvantage. 

The danger of damaging the crystal 
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becomes greater as the frequency in- 
creases since thinner, more fragile crystals 
are used. There is therefore a high- 
frequency limit, above which a crystal 
cannot be made to operate. The use 
of a frequency multiplier or multipliers 
is then necessary in order to produce 
very-high-frequency carriers. | Conse- 
quently a crystal-controlled transmitter 
usually has frequency multipliers and/or 
buffer amplifiers between the oscillator 
and the final power amplifying stage. 

In circuits employing crystal control, 
a separate crystal is supplied for each 
carrier frequency. Hence the flexibility 
of a crystal oscillator is poor. In many 
cases a combination of crystal and m.o. 
control is used to make available the 
advantages of each, one or the other 
being used at any time. 

8.6 Comparison of master-oscillator 
and crystal control. 


Master-Osci~LaTorR CONTROL 


8.7 Block diagram of a high-frequency 
high-power transmitter. The transmitter 
illustrated in Fig. 8-3 is a high-frequency 
high-power transmitter for r-t and c-w 
transmission. The frequency-controlling 
stage may be either a crystal oscillator 
or a master oscillator. The crystal 
oscillator is used for good frequency 
stability and when it is used the master 
oscillator is connected as an amplifier. 
When using the master oscillator to 
generate the carrier frequency the crystal 
oscillator is inoperative. This combina- 
tion allows complete coverage of the 
frequency band. 

The multiplier stage is usually designed 
to act as an amplifier on one range and 
a frequency doubler or tripler on others. 
By this means the upper frequency limit 
can be extended to three times that of 
the master oscillator. The master oscil- 
lator range is so chosen that its upper 
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frequency limit is’ double its lower 
frequency limit on each band. In this 
way continuous coverage may be ob- 
tained over all bands. 

The output of the multiplier is higher 
in frequency but lower in power than 
its output when acting as an amplifier. 
Consequently an additional stage of 
power amplification is necessary to pro- 
vide the large input needed to drive the 
power amplifier. This stage preceding 
the power amplifier is called the driver. 

For c-w transmission, switch S2 is 
closed and S; is open. The key controls 
all stages except the modulator which is 
not connected into the circuit. The 
keying is affected by applying and 
removing a large grid bias on the three 
stages of the transmitter. The bias is 
provided by a bleeder across the power 
supply which is allowed to operate con- 
tinuously. When the key is open, bias is 
applied to cut off all current through the 
transmitter valves so that they do not 
operate. When the key is closed it shorts 
out the bias and allows the transmitter 
to operate normally. The name paralyzing 
bias is given to this bias since it paralyzes 
the transmitter when the key is open. 

For m-c-w transmission the switch S; 
is also closed. The tone-generator modu- 
lator operates as an audio-frequency 
oscillator which generates a sinusoidal 
output at an audio frequency. This 
output is used to modulate the r-f 
carrier by grid or anode modulation of 
the power amplifier stage. Keying is 
accomplished as in the case of c-w 
transmission. A paralyzing bias is 
applied to the grids of all stages when 
the key is released. This bias is shorted 
to permit operation of the valves when 
the key is depressed. 

For r-t transmission, switch S, is 
closed as in the case of m-c-w trans- 
mission and S2 is opened to disconnect 
the key. In addition, the feedback 
circuit, which causes the modulator to 
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operate as an audio-frequency oscillator 
on m-c-w, is disconnected. The modu- 
lator now operates as an amplifier to 
amplify the a-f signal from the micro- 
phone. The output of the modulator is 
used to modulate the r-f carrier in the 
power amplifier stage. 

8.8 Frequency multipliers. The fre- 
quency multiplier is a tuned amplifier 
having its output circuit tuned to a 
harmonic of the input. The harmonic 
output is obtained by taking advantage 
of the fact that the pulses of anode 
current in a Class C amplifier have a 
high harmonic content. The output 
circuit is tuned to the desired harmonic 
of the fundamental and the amount of 
power produced in the tank circuit is 
greatest at this frequency because the 
impedance at this frequency is greatest. 
To all the other components of the anode 
current the impedance of the tank circuit 
is small so that the amount of power 
produced at these frequencies is small. 
Consequently the circulating current in 
the output tank circuit has a sinusoidal 
waveform and has the frequency of the 
harmonic to which it is tuned. 

The power output from a multiplier 
decreases as the order of the harmonic 
increases. A multiplier whose output 
circuit is tuned to the second harmonic 
produces about 60 to 70 percent as much 
output power as is obtained when the 
tank circuit is tuned to the fundamental. 
For the third, fourth and fifth harmonics 
the percentages are approximately 40, 30 
and 25 respectively. The circuit of Fig. 
8-4 illustrates a frequency multiplier. The 
valve is biased well beyond cut-off for 
Class C operation. Hence, current flows 
through the valve for only a short time 
during the positive half of each input 
cycle when the signal drives the grid 
above cut-off. If the circuit is to be 
used as a frequency doubler the anode 
circuit, LCs, is tuned to resonate at a 
frequency which is twice the frequency 
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of the input signal. Therefore two 
complete oscillations take place in L.C, 
during each oscillation in L,C; (Fig. 8-5). 
One pulse of current flows through the 
valve for every second oscillation in 
L2Cz. These current pulses make up 
for losses in the circuit. 

If the circuit is to be used as a fre- 
quency tripler, L:C. is tuned to a 
frequency 3 times that of the signal. In 
this case, one pulse of current flows 
through the valve for every third oscil- 
lation in L2C>. 

The efficiency of the circuit is deter- 
mined by the operating angle used in 
the design. For optimum performance 
the angle of current flow is about ae 
degrees where n is the order of the 
harmonic. For a doubler this operating 
angle should be about 90° of the funda- 
mental which is equivalent to about 180° 
of the second harmonic. Consequently 
in order to provide for such a small 
operating angle the bias must be con- 
siderably increased over normal Class C' 
operation. To drive the valve to the 
same peak current as that obtained 
when amplifying at the fundamental 
frequency, the input voltage must be 
very much larger. Even then, the 
average d-c anode current is only a 
fraction of the value attained at the 
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fundamental] because of the smaller 
operating angle. Thus when the valve 
is operated as a doubler at its optimum 
angle the power output obtainable is 
only about 70% of that obtainable from 
a Class C amplifier in which input and 
output frequencies are the same. 

Greater output can be obtained by 
using a large operating angle. This 
decreases the overall efficiency but the 
higher power output more than com- 
pensates for the reduced efficiency. A 
lower grid bias or a valve with lower 
anode resistance is used so that the 
anode current is increased. In doing 
this, the anode dissipation and grid 
dissipation in the valve must not be 
exceeded. The curves in Fig. 8-5 show 
the instantaneous current and voltage 
relations of a frequency doubler. 

In the frequency multiplier, the Q of 
the tank circuit must be made large. 
This is necessary to minimize power 
losses in the tank circuit as the anode 
current flows for only a short time during 
each cycle. This is especially important 
in a multiplier because the current flows 
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only once for every two cycles of the 
output frequency. The high Q also 
tends to eliminate the components of 
output at other frequencies which are 
present in the anode current. The grid 
impedance is high because the bias is 
large. This causes low power loss in the 
grid circuit. Neutralization is not 
necessary in a multiplier since the anode 
and grid circuits are not tuned to the 
same frequency. Thus the effects of 
feedback are not enough to cause 
oscillation. 

A push-pull stage cannot be used as a 
frequency doubler because even har- 
monies are cancelled out by the push- 
pull operation. Since odd harmonics 
are produced, push-pull amplifiers can 
be used as frequency triplers. The same 
considerations obtain as in single-valve 
multipliers. For frequency doubling, a 
modified push-pull circuit is sometimes 
used as in Fig. 8-6. This circuit produces 
a fundamental frequency output which 
is twice the input frequency. The valves 
are biased so that they conduct on 
alternate half cycles of the input. When 
V, conducts, a pulse of current flows 
through the tuned output circuit pro- 
ducing one cycle of oscillation in L2C. 
When V2 conducts and V;, is cut off, 
another pulse of current flows through 
the tuned circuit and produces a second 
complete oscillation in L2C,. Therefore 
two cycles of oscillation are produced in 
the anode circuit for each cycle of input. 
Waveforms of voltage input and current 
through the valves are shown in Fig. 8-7. 
8.9 Neutralization. The feedback from 
the anode circuit to the grid circuit 
through the anode-to-grid interelectrode 
capacitance of a power amplifier valve 
has a serious effect on the frequency 
stability of the circuit as well as causing 
oscillations to occur. In tetrodes and 
pentodes the interelectrode capacitance 
is reduced by the screen grid. These 
valves are useful in applications requiring 
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comparatively low power output. How- 
ever in the final ouput stage of a trans- 
mitter where large power must be 
produced, tetrodes and pentodes are not 
suitable and triodes are used. Since the 
anode-to-grid interelectrode capacitance 
cannot be eliminated in a triode, special 
circuit design providing neutralization 
must be used to prevent oscillation and 
frequency drift. 

To neutralize a triode amplifier some 
of the r-f voltage must be taken from 
the output and introduced into the input 
circuit in such a way that this voltage 
effectively cancels that being passed 
through the anode-to-grid interelectrode 
capacitance. For complete neutraliza- 
tion, the two voltages must be opposite 
in phase and equal in amplitude. Circuits 
in which the out-of-phase voltage is 
taken from the grid circuit and fed to 
the anode circuit are called grid-neutral- 
wed circuits, while those in which the 
neutralizing voltage is fed from the anode 
circuit to the grid circuit are said to be 
anode-neutralized. 

A common circuit for grid neutraliza- 
tion called the Rice neutralizing circuit 
is shown in Fig. 8-8. The object is to 
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prevent energy in circuit (1) from being 
transferred to circuit (2) through the 
interelectrode capacitance, Cy, The 
input circuit (1) is centre-tapped ‘and 
balanced to ground at X and Y. When 
an r-f signal is applied to the primary 
circuit of the input transformer the 
potentials at P and Q in the secondary 
are in anti-phase. P and Q in the input 
circuit are capacitively coupled to the 
point Z in the output circuit. The 
coupling from P to Z is through the 
interelectrode capacitance C,, while the 
coupling from Q to Z is through the 
neutralizing capacitor, C, If X is 
electrically midway between P and Q 
and C,, is adjusted to be equal to C,,, the 
two paths have equal impedances «nd, 
since P and Q are in anti-phase, as much 
energy is passed toward Z aleng one 
path as is passed back from Z along the 
other. That is, changes in potential at 
Z due to changes in potential at P are 
counteracted by changes in potential at 
Z due to exactly opposite changes in 
potential at Q. 

The action of this grid neutralizing 
circuit is also explained with the aid of 
the equivalent bridge circuit shown in 
Fig. 8-9. The input split-stator capacitor, 
grounded at the centre, consists of eaunal 
capacitances C,; and C;. The output 
voltage is divided across C, and C, in 
one arm and C,, and C, in the other 
arm. For a balance in the bridge, that 
is, no voltage difference between the 
points P and Q, the voltage across C, 
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and C,, must be equal. But the voltage 
division across C, and C2 is inversely 
proportional to their capacitances. 
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1 1 
Therefore Ga C2 
Therefore Cy a8 Cea. 
Thus, to neutralize the circuit, C, is 
adjusted to be equal to the anode-grid 
capacitance in the valve and the stray 
anode-grid capacitance outside the valve. 
A modification of the grid neutraliza- 
tion circuit is shown in Fig. 8-10. The 
centre of the coil is grounded to provide 
anti-phase voltages at opposite ends of 
the tuned input circuit. A single input 
capacitor C; is used instead of the split- 
stator capacitor. The equivalent bridge 
circuit is shown in Fig. 8-11. The opera- 
tion of the bridge circuit is the same as 
in the first case. As before, the condition 
for balance is that C,, = C,. 
A simple anode-neutralized amplifier 


Fia.8-13 Equivalent bridge circuit of anode 
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is shown in Fig. 8-12. This circuit is 
known as the Hazeltine neutralizing cir- 
cuit or the neutrodyne circuit. The tuned 
anode circuit is balanced to ground for 
a-c voltages by the centre-tap connection 
to the H.T. supply. This point is 
maintained at r-f ground potential by 
the by-pass capacitor C;. The neutraliz- 
ing capacitor C, is approximately equal 
to Cj, and is connected to the end of 
the tank circuit opposite that to which 
the anode is connected. Hence the 
voltages at the ends of the coil are 180° 
out of phase with each other. Therefore 
as much energy is passed to the grid 
circuit through C,, as is passed back to 
the anode circuit through C,. The 
equivalent bridge circuit which must be 
balanced by adjusting C, is shown in 
Fig. 8-13. A disadvantage of the circuit 
with the single tuning capacitor is that 
the rotor of the tank capacitor is above 
ground potential and small changes in 
capacitance caused by bringing the hand 
near the tuning control causes detuning. 
This may be offset by substituting for 
the single capacitor a balanced split- 
stator capacitor with the rotor grounded 
as in Fig. 8-14. The equivalent bridge 
circuit is shown in Fig. 8-15. C, is 
adjusted for a balance and is equal to 
C,a provided C; is equal to C2. The 
anode-cathode capacitance of the valve 
is across one half of the tuning capaci- 
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tors. This causes unbalancing of the 
circuit and renders neutralization over a 
band of frequencies more difficult. A 
circuit which overcomes this drawback 
is Shown in Fig. 8-16. The capacitor C, 
is a small trimmer placed across one 
half of the tuning capacitor. The anode- 
cathode capacitance is in parallel with 
the other half of the tuning capacitor. 
Thus C, can be adjusted to equal the 
anode-cathode capacitance and _ give 
neutralization. This anode-cathode capa- 
citance however changes with frequency 
and will cause unbalancing. The range 
of neutralization is therefore limited. A 
capacitor C, can also be used in the 
circuit of Fig. 8-12 to balance the 
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Fic.8-16 Neutralized amplifier with balanced 
load circuit. 
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F1q.8-17 Neutralization by inductive feedback. 


anode-cathode capacitance in that circuit. 

The balanced-bridge type of neutraliz- 
ation holds for a band of frequencies and 
is therefore usually to be preferred. 
However, inductive feedback can be 
used to counteract the feedback through 
the anode-grid capacitance. This can 
only hold for one frequency but is 
useful in reducing parasitic oscillations 
which may occur at some set frequency. 
The circuit in Fig. 8-17 illustrates this 
method of neutralization for V2. There 
is ink coupling between the output of 
V. and the input of V2 via the output 
of Vi. 

The energy fed back to the input of 
V2 must be equal and opposite in phase 
to the energy fed back from the output 
tank of V. through C,,, The mutual 
inductance is adjusted to neutralize the 
circuit for one particular frequency. If 
the frequency changes, the mutual induc- 
tance is changed so that a balance is no 
longer maintained. However, this type 
of neutralization is useful when the grid- 
anode capacitance of the valve is very 
small and a suitable balance cannot be 
obtained with circuits using a neutraliz- 
ing capacitor. 

In push-pull amplifiers two neutraliz- 
ing capacitors must be used as shown in 
Fig. 8-18. The neutralizing capacitances 
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Fig.8-18 Neutralized push-pull amplifier. 


are approximately equal to C,,. With 
identical valves and a symmetrical cir- 
cuit the neutralization is complete for 
all frequencies. Split-stator capacitors 
with the rotors grounded in the anode 
and grid circuits help to give good circuit 
balance. That is, the a-c voltages with 
respect to ground at corresponding points 
in both valve circuits have identical 
amplitudes. A push-pull circuit is useful 
at all frequencies but especially so at 
high frequencies where it can be satis- 
factorily neutralized. 

In the push-pull circuit good neutraliz- 
ation can be obtained because the input 
capacitance, the output capacitance and 
the anode-cathode capacitance occur 
across both halves of the tuned circuit. 
Hence there is no detuning as the 
frequency of the input is changed. 

The type of neutralizing capacitors 
used must be chosen to withstand the 
large a-c and d-c voltages which appear 
across the neutralizing capacitor. Thus 
the voltage rating of this capacitor must 
be very high. In a high-power trans- 
mitter this may be of the order of 
several thousand volts. The capacitance 
of the capacitor will depend upon the 
interelectrode capacitance of the valve 
or valves used, plus the stray capaci- 
tances introduced by the wires which 
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connect the neutralizing capacitor into 
the circuit. The value chosen is roughly 
equal to these capacitances when the 
neutralizing capacitor is half meshed. 
The adjustment is ‘usually made by 
means of a screw driver and, when 
correctly set, must be secured so that 
the neutralization is not changed by 
vibration. 

The practical procedure for neutraliz- 
ing an amplifier depends on the following 
principle. When the neutralizing capaci- 
tor is adjusted so that there is no 
feedback from the output circuit to the 
input, there can be no feed forward from 
the input to the output. This follows 
from the fact that the neutralizing circuit 
is a bridge circuit. When an a-c voltage 
is applied across the input to the bridge, 
no a-c, due to the output a-c, appears 
across the input. Hence, when an 
amplifier is neutralized for no feed 
forward, there can be no feedback. 

To adjust the neutralization in a 
power amplifier stage, a direct-current 
meter is inserted in its grid circuit. The 
driving voltage is applied to the grid 
circuit with the H.T. removed and the 
filaments operating. Thus a reading will 
be obtained on the grid current meter 
since grid current flows. The magnitude 
of the grid current depends upon the 
amplitude of the driving voltage. The 
output tank capacitor is then tuned 
through its entire range and the meter 
observed. If the stage is not neutralized, 
a dip in the meter reading occurs as the 
tank circuit comes into resonance. 
Energy is being fed forward from the 
input to the output tuned circuit. At 
resonance the output circuit has a 
maximum circulating current. This 
forms a load which dissipates maximum 
energy and the input a-c is damped so 
that minimum grid current flows. A 
neon bulb or a small flashlight bulb 
loosely coupled to the anode tank circuit 
may also be used as an indicator. The 
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oscillation of the anode circuit when it 
comes into resonance will cause the bulb 
to light up. If there is no dip in the 
grid current meter reading or the light 
bulb does not glow, the power amplifier 
is neutralized. 

If neutralization is necessary the 
following procedure is employed. The 
anode circuit is tuned to resonance. This 
occurs at the minimum grid current 
point or the maximum brilliance of the 
lamp. The neutralizing capacitor is then 
adjusted by means of an _ insulated 
screwdriver until the grid current rises 
to its maximum value or the lamp goes 
out. Then the tank capacitor is tuned 
through its range to check the neutraliz- 
ation. In some cases, the feed forward 
will occur again at some other tuning 
position. If this happens complete 
neutralization over the range of the 
tuning eapacitor may not be possible. 
However, the tank capacitor is again 
tuned for a dip in the meter reading and 
the neutralizing capacitor adjusted until 
the grid current comes up again. If 
complete neutralization is not possible, 
the neutralizing capacitor is tuned either 
for the optimum neutralization over the 
whole range of the anode tank capacitor 
or for complete neutralization at the 
operating frequency. 

In a transmitter, a c-w signal is always 
used for the neutralization procedure to 
give a steady grid current. The neutral- 
ization is always adjusted on the highest 
frequency range of the transmitter. If 
it is neutralized on this range, it will 
seldom have to be re-neutralized on the 
lower frequency ranges. 

In a push-pull stage, the two neutral- 
izing capacitors must be tuned simul- 
taneously in order to get neutralization. 
This method is usually used but its 
success depends upon the skill of the 
operator. If a more exact method is 
necessary each valve can be neutralized 
separately by first removing the other 
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valve. In this way the two neutralizing 
capacitors are adjusted independently, 
according to the above procedure. 

8.10 Parasitic oscillation. In an 
oscillator or amplifier the circuit con- 
ditions may be such that undesired 
oscillation takes place. This is called a 
parasitic oscillation. The energy required 
to maintain a parasitic oscillation is 
wasted so far as useful output is con- 
cerned. Hence an oscillator or an 
amplifier having parasitics operates at 
reduced efficiency. The presence of 
parasitics often causes the operation at 
the desired frequency to be erratic. 

Parasitic oscillations can be divided 
into two classes according to the fre- 
quency. They occur at ultra-high 
frequencies and at frequencies below the 
circuit operating frequency. Parasitics 
are most likely to occur in circuits using 
large power valves because of the long 
leads, large interelectrode capacitances 
and relatively high values of trans- 
conductances. 

The low-frequency parasitic oscillation 
is usually caused by the r-f chokes in the 
anode and the grid circuits resonating 
with the decoupling capacitors to produce 
a tuned-anode tuned-grid oscillator at a 
frequency of 500 Ke/s or less. The 
other tuned circuits have no effect on 
this since the reactances of the coils are 
small at the low frequency and so they 
act as short circuits. Thus the setting 
of the main capacitor has no effect on 
the frequency of the parasitic and short- 
ing the anode tank circuit will not stop 
the oscillation. To eliminate this type 
of parasitic, the circuit should be 
arranged so that only one r-f choke is 
necessary either in the grid or the anode 
circuit. In push-pull stages a resistance 
in series with the r-f choke in the grid 
circuit damps out the oscillations. This 
resistor is called a parasitic suppressor. 

The very-high-frequency parasitics are 
usually caused by the inductance of 
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leads resonating with the stray capaci- 
tances in both grid and anode circuits. 
This again forms a tuned-anode tuned- 
grid oscillator. To remedy this a wave 
trap tuned to the parasitic frequency or 
a series resistor of about 50 ohms may 
be used to damp out the oscillation. 

The parasitic resistor or parasitic 
suppressor is placed in series with the 
grid, screen or anode leads. The parasitic 
oscillatory circuits may be detuned by 
making the anode leads much longer 
than the grid leads so that they do not 
resonate at the same frequency. 

8.11 Power supplies and controls. For 
a low-power transmitter or transceiver 
(12-25 watts output) a single power 
supply is usually used to operate all 
circuits. The H.T. voltage of 300-600V 
is obtained from a high-vacuum twin- 
diode rectifier. For a 50-500 watt trans- 
mitter two power supplies are necessary. 
One supplies the low H.T. voltage of 
300-600V for the stages preceding the 
power amplifier and the other supplies 
the high H.T. voltage of 1000-2000V 
for the power amplifier stage. The latter 
ordinarily consists of a high-voltage 
step-up transformer connected to two 
large mercury-vapour diodes which rectify 
the a-c input to give a high voltage 
output and deliver a large amount of 
power. 

The power rating of the supply 
required to operate a transmitter depends 
not only on the r-f power which the 
transmitter is to produce but also on 
the over-all efficiency of the transmitter. 
In order to obtain a given arnount of r-f 
power output, a very much larger 
amount of power must be provided by 
the power supply necessary. The final 
power amplifier stage is 50-75% efficient 
but the previous stages have a somewhat 
lower efficiency. The power required by 
the filament and control circuits must 
also be taken into account when calcu- 
lating the power which the supply must 
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provide. As an example, a low-frequency 
500-watt transmitter with an a-c power 
supply may require 1800 watts in the 
valves and another 200 watts in the 
filament circuit. The total input is then 
2000 watts for an r-f output of 500 watts. 
This transmitter is roughly 25% efficient 
in transforming the a-c power input to 
the supply into r-f power. The a-c 
power input may be supplied by a 
rotary converter operated from the 
ships d-c mains so that more power is 
supplied by the ships mains than is 
actually supplied to the transmitter 
because of the losses in the rotary con- 
verter. From the d-c ships mains, then, 
the efficiency is somewhat less than 25% 
in the production of the r-f power. 

The control circucts of the transmitter 
are used to turn on and operate the set. 
A large number of controls are necessary 
some being on the front panel and some 
being inside the set. The tendency in 
more recent equipment is to minimize 
the number of outside controls to make 
the operation of the set less complicated. 
However the following discussion includes 
all the circuits and relays which act as 
controls. 

A main-line switch, external to the 
set, is usually supplied for removing 
power entirely from the transmitter. 
This is normally closed and the trans- 
mitter is turned on by a switch on the 
panel. Two types of operation, stand-by 
and normal, must be provided for. In 
the stand-by position the transmitter is 
ready to be operated at a moment’s 
notice. This means that the filaments are 
heated and either the H.T. is ready to 
be applied, or is already applied along 
with a paralyzing bias which keeps the 
valves cut off. The switching from 
stand-by to normal operation is done 
by a switch, key or press-to-talk switch 
on the microphone. A transceiver or 
transreceiver in stand-by position has 
the receiver operating. When the switch, 
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key or press-to-talk switch is pressed 
the receiver is turned off and the trans- 
mitter turned on. In this case a single 
aerial is used for both transmitter and 
receiver. Thus great care must be taken 
to turn off and mute the receiver for its 
protection, before the transmitter is 
turned on. A special relay called a 
break-in keying relay is used for this 
purpose. 

Several safety devices are incorporated 
in the control circuits. An overload relay 
protects the valves and power supply 
from being damaged by a short circuit 
or a breakdown in any part of the 
transmitter. This relay may be in the 
return path of the power supply so that 
all the power supply current flows 
through it or it may be in the power 
amplifier cathode circuit so that only 
the power amplifier current flows through 
it. In one case the whole transmitter and 
power supply are protected while in the 
other case only the power amplifier is 
protected. Line fuses are always used 
to protect the whole transmitter in case 
of failure in the overload relay or in 
case the overload relay does not protect 
the whole transmitter. If mercury- 
vapour valves are used in the power 
supply their filaments must be turned 
on before their a-c anode voltage is 
applied. To allow time for the filaments 
to heat up, a teme-delay relay may be 
used to close a switch in the a-c line to 
the H.T. transformers. 

The voltages used on most transmitters 
are quite high and therefore dangerous 
to maintenance personnel if not turned 
off during servicing. Consequently 
safety door and panel switches are used 
to automatically cut off the H.T. when 
the door or panels are open. These 
switches are spring loaded and are held 
closed by the pressure of the panel when 
it is properly in place. 

8.12 A transmitter circuit. The trans- 
mitter (Fig. 8-19) is of medium power 
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and is suitable for small patrol vessels. 
A receiver is used in conjunction with 
the transmitter. The transmitter fre- 
quency ranges are just below and above 
the broadcast band and there is both 
master-oscillator and crystal control. 
Transmission is on c-w with a power 
output of 100 watts, on m-c-w with 70 
watts and on r-t with 30 watts. 

The aerial is a quarter-wave Marconi 
grounded at one end. The aerial loading 
components permit selection and adjust- 
ment according to frequency and are 
housed in an aerial chassis. The same 
aerial is used for the receiver as well as 
the transmitter. 


A. Master Oscillator 


The oscillator is a parallel-feed tuned- 
anode oscillator employing a beam power 
tetrode V;. JL, is a variable iron-core 
inductance which provides feedback 
from the anode circuit to the grid circuit 
by inductive coupling. Ly, is adjusted 
for dial-tracking at the low-frequency 
end of the band. C11 and C2 are two 
parts of the main tuning capacitor in 
parallel with each other. C3 is a trimmer 
for dial tracking at the high-frequency 
end of the band. Cy, is a negative- 
temperature-coefficient capacitor which 
‘compensates for changes in the capaci- 
tance of the tank circuit with changes 
in temperature. This improves the 
frequency stability of the oscillator. 
Ci; Cis form an r-f by-pass for the 
filament. R,; and C29 provide automatic 
grid bias. Ly and Cn, the r-f choke and 
blocking capacitor, are for the parallel- 
feed arrangement. 3, R41 form a 
voltage divider across the 150V supply 
to provide the correct screen voltage. 
Cig is a screen by-pass capacitor and 
Cus is a by-pass capacitor for the 150V 
supply. Rs, C37 provide cathode bias 
for V;, V2 and V3. 7's is a filament 
transformer for the filaments of Vi, V2, 
V3, V4 and V;. The three secondary 
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Fic.8-20 First stage operated as a crystal 
oscillator. 


windings of 7; are shown, the primary 
being supplied with 115V 60 c/s a-c. 


B. Crystal Oscillator 


The crystal oscillator is a parallel-feed 
Pierce oscillator employing the same 
beam power tetrode V,, the circuit being 
changed to that shown in Fig. 8-20 by a 
switching arrangement. J; and asso- 
ciated capacitors are switched out. 


C. Multiplier 


This stage employs a beam power 
tetrode V». On lower frequency bands 
the circuit is a choke-capacitance-coupled 
untunea power amplifier. AR; and Coz 
are the grid-leak resistor and coupling 
capacitor. Ly.,1s the anode load inductor. 
Co; and Co4 form an r-f by-pass for the 
filament. Ris a screen voltage dropping 
resistor and C25 is a screen by-pass 
capacitor. On high-frequency bands the 
circuit is changed to become a parallel- 
feed tuned-anode multiplier (Fig. 8-21). 
A tuned circuit consisting of a variable 
inductance L;, a trimmer capacitor Cy 
and a part of the main tuning capacitor 
C.5, all in parallel, is switched in. The 
inductance L; is tuned on the low- 
frequency end of the band and the 
trimmer Cy is tuned on the high-fre- 
quency end for dial tracking. When the 
tuned anode circuit is employed the 
multiplier is used as a tripler. C5 is the 
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F1q.8-21 Second stage operated as a frequency 
multipher. 


d-c blocking capacitor for parallel feed. 
D. Driver 


Vs is a beam power tetrode. The 
circuit is a parallel-feed tuned-anode 
r-f power amplifier. R» and Rio provide 
grid-leak bias along with Cos, Co7. Caz, 
a large by-pass capacitor, maintains the 
bias steady across Rio. Therefore Ry 
only is an a-c load on the previous stage. 
The tuned anode circuit consists of Lio, 
Cre, Cis, Cig and Cy, in parallel. Lo 
is a variable iron-core inductance for 
dial tracking at the low-frequency end. 
Cy.3 and C4 are sections of the main 
tuning capacitor. C,; is a basic capacitor 
and Cy, a trimmer for dial tracking at 
the high-frequency end. The choke Li; 
and the blocking capacitor C3, form the 
parallel-feed arrangement. (C3 is the 
screen by-pass capacitor. Cys and Coo 
provide r-f by-pass for the filament. Ly, 
and C33 form an r-f filter to keep r-f out 
of the 400V supply. 


E. Power Amplifier 


This final stage employs a beam-power 
tetrode V4 which has higher power- 
handling capabilities than the preceding 
valve. The circuit is a Class C r-f power 
amplifier with a series-feed tuned anode 
output circuit. There is grid modulation 
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of the amplifier via 7;. is is the 
inductance of the tank circuit. C50 is 
a main tuning capacitor for the tank 
circuit and is controlled from the front 
panel. One or two sections of the capaci- 
tor are used according to the frequency. 
Cs; is a basic capacitance used on some 
frequencies. Li; is an r-f choke to 
provide a high impedance from grid to 
ground. C3, is an r-f by-pass for the 
output of the modulation transformer 7). 
Rig is a grid-leak bias resistor used on 
c-w and m-c-w. The switch Orr-PHONE 
shorts out Ris for r-t. Riz is a small 
meter shunt. Res is a series meter 
resistor. M, is a multimeter which reads 
power amplifier grid current when 
switched in position 1. Cas is an a-f 
by-pass for the grid resistor Rig and the 
meter. C33 is an r-f filament by-pass. 
Ris is a cathode bias resistor used for 
r-t only. The C-w or M-c-w switch 
shorts Rigs and Ry, out for c-w and 
m-c-w. Rig is a cathode bias resistor 
which is switched in by opening the 
switch across it for r-t transmission if 
a lower power than 30 watts is required. 
The low power is provided by lowering 
the high H.T. voltage by means of a 
switch controlling the number of turns 
to be used on the H.T. transformer 
primary. R2o is a small meter shunt so — 
that M2, the multimeter when switched 
in position 2, reads the power-amplifier 
cathode current. M, is the multimeter 
switched in position 4 to read H.T. 
voltage. R35, Rse, Rs7 form a voltage 
divider across the H.T. supply, their 
purpose being to enable the meter to 
serve as a high-voltage voltmeter. Cs2 
and Cs; are H.T. by-pass capacitors. © 
C35 and C3_ are r-f filament by-pass 
capacitors. 


F. Aerial Circutt 


The output from the power amplifier 
is transformer coupled to the aerial. Loo 
is a Variometer in series with the output 
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coupling coil and the aerial is tuned to 
bring the aerial into resonance. The 
multimeter M; when switched into posi- 
tion 3 provides an aerial current meter. 
Transformer 7, couples r-f into the 
meter circuit. A copper-oxide rectifier X 
produces a d-c output for the meter so 
that the meter reading is proportional 
to the r-f current flowing in the aerial 
circuit. C54 is a two-section capacitor 
which forms an r-f filter for the output 
of the rectifier for the aerial current 
meter. EH, is a break-in keying relay. 
The two contacts shown to the left of 
the relay coil EK, in the aerial circuit are 
in the receiver position. The aerial is 
connected to the receiver input. A third 
contact across R»7 is open so that paralyz- 
ing bias is applied to the transmitter. 
This paralyzing bias is discussed in sub- 
section G. When the relay coil E, is 
energized during transmission by closing 
the key or press-to-talk switch, the 
second contact shown to the left of EK. 
in the aerial circuit closes and grounds 
the receiver input terminals. The first 
contact to the left of EZ, closes to connect 
the aerial to the transmitter and the 
third contact closes to short out R27 and 
remove the paralyzing bias. 


G. Keying Circuit 


The key or the press-to-talk switch on 
the microphone operates the keying relay 
E, as well as E3 and Ez. When the key 
is open the cathode circuits of the master 
oscillator V;, multiplier V2, driver V3 
and power amplifier V4 are returned to 
ground through R27. The high voltage 
on the power amplifier causes sufficient 
cathode current to produce a large 
voltage across Ry; This provides a 
paralyzing bias which cuts off the master 
oscillator and driver. Since the grid 
leak R, of the multiplier is connected to 
the upper end of Rez, the paralyzing 
bias does not affect the grid-to-cathode 
voltage of the multiplier. It does, 
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however, reduce the anode voltage on 
the multiplier. When the key is pressed 
Fe is shorted due to the energizing of 
E,4 and normal bias is applied to all 
stages so that they are operating. 


H. The Modulator 


The modulator is an a-f power amp- 
lifier transformer-coupled by 7, to the 
grid of the r-f power amplifier for grid 
modulation when operating on r-t. For 
m-c-w the circuit operates as a tuned- 
grid a-f oscillator. For c-w the modulator 
input and output are shorted. The type 
of operation is determined by the position 
of the switch S;. The circuit components 
Ree, Rez, Res, Roe and C44 in the cathode 
circuit are discussed in the time-delay 
subsection J. R2; and C3, provide cathode 
bias. 

1. M-C-W Operation. 

For m-c-w operation the switch S3 is 
in the M-c-w position. The secondary of 
the modulation transformer 7; is con- 
nected back to the input side of the 
microphone transformer 7» through the 
feedback line containing Re, and C45. 
Ro, and C45 are chosen to provide the 
correct quantity and phase of feedback 
to cause audio oscillation. This is a 
tuned-grid oscillator since JT, controls 
the circuit. 

2. R-T OPERATION. 

For r-t operation S3 is switched to the 
PHONE position so that the microphone is 
connected to the microphone transformer 
T. primary. 3, is shunted across the 
secondary of 7’, to give a more uniform 
response to voice frequencies. C4. and 
C44 in series also shunt the 7’, secondary 
to give more uniform response. FH», the 
microphone relay, is energized when the 
press-to-talk switch is closed on the 
microphone handset so that the one set 
of E, contacts shown below the coil FE, 
close to apply the microphone output to 
the input transformer T,. The second 
set of HF. contacts shown above the coil 
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E, close in the downward position. As 
a result the input from the receiver is 
grounded via these HE, contacts and 
also via the EZ; contacts which are closed 
at this time, since E; is also energized 
when the press-to-talk switch is closed. 

When the press-to-talk switch or the 
key is not closed the EZ, and #; contacts 
are in the position shown. The input 
from the receiver is connected via the 
E, contacts to the earphone component 
of the handset. The input from the 
receiver is also connected at all times to 
the speaker Sp, which may be turned 
on or off by means of the switch So. 

R25 provides a polarizing voltage for 
the microphone circuit and provides 
some cathode bias for Vs; before the 
time-delay relay operates. J; is an 
earphone jack for an extra set of ear- 
phones. Ro is a series resistor to reduce 
the input from the receiver to. the 
earphones. Rey is a potentiometer to 
act as a volume control for the receiver 
input to the earphones. 

The Remote position of S3 permits 
the microphone of a remote handset to 
feed into the modulator and permits the 
input from the receiver to be connected 
to a remote speaker. In this case the 
press-to-talk switch on the remote set 
controls the H,, E2, EZ; and E, relays. 
3. C-W OPERATION. 

On c-w operation S3 is switched to the 
C-w position. When the key is pressed 
E, and E;3 are energized. The receiver 
is grounded as before. At the same time 
the primary of the microphone trans- 
former T, is grounded through S3. 
Thus the modulator receives no input 
during c-w transmission. The modulator 
output is also shorted by the c-w switch 
across the secondary of 7). 


I. The Time-Delay Relay 


The time-delay relay is provided to 
allow the filaments of the mercury- 
vapour valves in the H.T. power supply 
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Fic.8-22 Low H.T. supply. 


to heat up for about 15 seconds before 
the H.T. transformer is energized. The 
time delay must operate also before V5 
can act as a modulator. Before the 
transmitter is turned on, the coil of the 
relay E, which is in the anode circuit 
of Vs; is not energized and the contacts 
for E, are in the position shown in the 
diagram. All filaments and the 400V 
d-c power supply are turned on when S3 
is switched from the off position to any 
of its other three positions. Current now 
flows through V; and produces a voltage 
drop across Res, Res and Ree which 
raises the cathode above ground poten- 
tial. The grid is connected to the top end 
of C4, which is not charged initially. 
This causes the valve to operate close 
to cut-off so that very little current is 
flowing through the coil of By. As Cas 
charges through Rez and Re; the potential 
of the control grid gradually rises until 
sufficient current flows through V; to 
trip EH, which requires about 20mA d-c. 
Now the contact of EH, which is con- 
nected to the bottom of Re. changes 
position so that the bottom of Roe is 
connected to the bottom of Ros. Thus, 
Re and R23 in series are placed in 
parallel with R:; to provide normal 
operating bias for Vs. The voltage 
across R24 and Ree no longer provides 
bias but effectively lowers the anode 
potential slightly. The remaining con- 
tacts of HE, close simultaneously to 
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permit the high H.T. voltage to be 
applied to the power amplifier. 

Emergency operation is controlled by 
the switch Emcy. across R23. When the 
switch is closed Re3 is shorted out thereby 
reducing the time constant in the delay 
circuit to approximately one-quarter of 
its normal value. The transmitter can 
be brought into operation in about 4 
seconds in this case. 


J. Power Supplies 


The transmitter is designed to operate 
from 24V d-c and from 115V 60 c/s a-c 
or 230V 60 c/s a-c. If only 24V d-c is 
available initially, the 115V a-c supply 
may be obtained by using a rotary 
converter. If only 115V a-c is available 
initially the 24V d-c supply may be 
obtained by using a suitable rectifier 
circuit. 

The 24V d-c supply is used to energize 
the bobbins of the relays E,, Ee, Es 
and Hy. The 115V a-c is used to energize 
the H.T. and filament transformers. 

1. 400V H.T. Power Supp ty. 

The power supply is shown in Fig. 
8-22. When switch S; is turned to C-w, 
M-c-w or Puone position the 24V d-c 
supply energizes #, which in turn com- 


switch Ss in a remote control unit 
performs the same function when turned 
to the ON position. 

The power supply is a full-wave 
rectifier using a double diode V.>. The 
filter circuit consists of Lo, and Css. 
R39 is a bleeder resistor. 

If the a-c input is 230V the two 
primary windings of 74, which are in 
parallel for the 115V input, are put in 
series by removing the links 1, 2 and 
3, 4 and connecting a link between 
2 and 3. 

2. 1300V H.T. Powrr Supp ty. 

The power supply is shown in Fig. 
8-23. When the switch S3 is turned to 
C-w, M-c-w or PHoNE position E, is 
energized as shown in Fig. 8-22. The 
115V a-c is then applied to the filament 
transformer 7'3, which supplies the trans- 
mitter valve filaments, and to the fila- 
ment transformer 7’, which supplies the 
filaments of the rectifier valves Vz, Vs, 


*V,and Vio. The 115V a-c is not applied 


to the H.T. transformer 7, until the 
following switching operations are 
carried out. 
(i) S3; must be turned to C-w, M-c-w 
or PHONE. 
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Fic.8-24 Absorption wavemeter employing 
crystal detector. 


(ii) Either the gate switch S4 or the 
lock switch S; must be closed. The 
gate switch S,4 is a spring-loaded 
switch which automatically opens 
when the front panel is removed. If 
it is necessary to turn on the power 
supply when the front panel is off, 
as in servicing, the lock switch must 
be pulled forward to close it. When 
the front panel is replaced the panel 
closes the gate switch S, and pushes 
in the lock switch S;, thus opening it. 
The contacts of the time-delay 
relay EH, must be closed. 
The switch S; must be turned to 
Low, Hieu or Emcy. In the Low 
position the 24V d-c energizes E;. 
The relay contacts move to cause 
the 115V a-c to be applied between 
terminals 4 and 1 on the primary of 
T,. The output d-c of the power 
supply is only 650V. This Low 
position is used for preliminary 
tuning of the transmitter. In the 
Hicu position the relay FE is ener- 
gized. Its contacts move to cause 
the 115V a-c to be applied between 
terminals 2 and 1 on the primary 
of T1. The output d-c is now 1300V. 
The H.T. power supply employs four 
mercury-vapour diode rectifier valves in 
a bridge arrangement. Lo, C59 form 
a choke-input filter. R44. is a bleeder 
resistor to stabilize the voltage and 
discharge C5) when the unit is turned off. 
8.13 Wavemeters. To determine the 
wavelength or the frequency of the 
radiation from a given circuit, an instru- 
ment known as a wavemeter or frequency 
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meter is employed. The same meter may 
be calibrated to read either frequency or 
wavelength since, if one is determined, the 
other is calculated from the relationship: 
wavelength Xfrequency = velocity 
Thus {XA = 0 
where ff = frequency in c/s 
wavelength in metres 


> 
lI 


v = velocity of propagation 
= 3X108 meters/sec. 


A. Absorption Wavemeters 


A simple absorption wavemeter circuit 
is shown in Fig. 8-24. It consists of a 
resonant circuit L,C,; which may be 
tuned by C; to resonate at the frequency 
to be measured. A second coil Lz, 
coupled to L;, is connected in series with 
a crystal detector and a d-c milliam- 
meter. C, is an r-f by-pass capacitor in 
parallel with the meter. A pointer 
connected to the rotor of C, moves over 
a calibrated scale on the front of the 
meter. © 

The wavemeter is placed close to the 
transmitting circuit, the frequency of 
which is to be measured. Some of the 
energy radiated from the transmitter 
is absorbed by the circuit Z,C;. When 
this circuit is tuned to resonance at the 
transmitter frequency, the circulating 
current in L,C; becomes a maximum. 
This in turn induces a maximum e.m.f. 
in Le. The r-f voltage across Lz is 
rectified by the crystal and the d-c 
component of the rectified current flows 
through the meter. C; therefore is 
adjusted for maximum current through 
the meter to indicate resonance in LC. 
The frequency or wavelength of the 
radiation is then read from the calibrated 
scale on the meter panel. 

A practical absorption wavemeter 
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Fia.8-25 Wavemeter employing vacuum-tube 
voltmeter. 


which has a wide frequency range is 
shown in the circuit diagram of Fig. 8-25 
and in the photograph of Fig. 8-26. It 
contains a vacuum-tube voltmeter in 
place of the crystal shown in the simpler 
wavemeter described above. To cover 
the entire frequency range desired, 
various coils are used to resonate with 
the one capacitor, one coil for each band 
of frequencies. When the wavemeter 
has more than one coil the capacitor 
scale is not calibrated to read frequency 
but the scale is numbered. The frequency 
corresponding to any scale reading is 
obtained from a frequency calibration 
chart. There is one frequency chart for 
each coil. 

The vacuum-tube voltmeter uses a 
triode valve connected as a diode. There 
is a 1.5V battery to heat the directly- 
heated cathode. A potentiometer Rh, 
is connected across the filament ter- 
minals. The d-c galvanometer is con- 
nected to the variable arm on _ the 
potentiometer and in this way gives a 
zero adjustment for the meter with no 
signal input. For any particular setting 
of R, part of the cathode, is negative 
with respect to the anode and some 
current will flow through the valve and 
meter. The zero of the scale on the 
galvanometer is displaced from the true 
zero so that with a small amount of 
current the meter reads zero. Thus Ai 
can be varied to produce the zero reading 
on the galvanometer for no signal input. 

The wavemeter coil is inductively 
coupled to the circuit whose a-c fre- 
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quency is to be measured. The voltage 
set up across C3 is then applied through 
C’; to the diode which is in parallel with 
the load resistor R2 and the meter. On 
the positive half cycles the diode con- 
ducts through R, and the galvanometer 
to produce a meter reading and to 
charge C, to almost the peak value of 
the a-c voltage across C3. On the negative 
half of the cycle C, begins to discharge 
through R2 and the meter, thus main- 
taining the meter reading. If the time 
constant C,R. is long compared with the 
period of the a-c applied, then the 
capacitor discharges slightly and on the 
next positive half cycle will charge 
again. Thus the current which flows 


through the valve is just enough to 
make up for the discharge of the capacitor 
through R, and the meter during the 


Frc.8-26 Frent panel of vacuum-tube wavemeter. 
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non-conducting half cycle and the meter 
reading is proportional to the amplitude 
of the voltage across C's. 

As the capacitor in the wavemeter is 
tuned to resonance, the amount of energy 
absorbed in the wavemeter input circuit 
is a maximum and the meter reading is 
a maximum. Thus the setting of the 
capacitor, when it is tuned fora maximum 
meter reading gives a reading from which 
the value of the frequency being measured 
is obtained. The coupling between the 
circuit and the wavemeter coil can be 
varied so that the meter reading at the 
maximum is not too large. The amount 
of energy taken out of the circuit may 
affect the frequency and so the smallest 
amount of coupling that will give a 
useful indication of the wavemeter is 
desirable. While tuning for a final 
reading, the position of the wavemeter 
relative to the circuit must remain fixed. 

The use of the capacitor C2 across the 
diode is explained as follows. Without 
C, there are two capacitances in series 
across the tuned circuit. These are C; 
and the anode-cathode capacitance Cy, 
of the valve. Ci and C,, are of the same 
order of magnitude. The effective 
capacitance of C; and C,, in series 
depends to a large extent upon the 
valve interelectrode capacitances. As 
the valve ages or a new valve is used, 
this effective capacitance is changed. 
Since this effective capacitance is in 
parallel with C3, the frequency of reson- 
ance of the wavemeter for a given 
setting of C3 is changed. However, 
the calibration of C3 should be the same 
for all valves used. C2 is placed in the 
circuit to make the tuning independent 
of the interelectrode capacitance. Since 
Cz is 50uuF and is large compared with 
Cau a change of a few uuF in parallel 
with it will have no effect in the circuit 
and the calibration of C3 remains rea- 
sonably constant for all valves. 

The actual frequency reading is 
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Fic.8-27 Reaction type of absorption wave- 
meter. 


determined indirectly through a calibra- 
tion chart. An accurate micrometer 
gauge rotates the capacitor C3. Thus a 
very fine adjustment is possible and an 
accurate reading of the capacitor setting 
is obtained. The calibration chart 
consists of a graph of frequency in 
Ke/s against capacitor setting. From 
this chart the frequency of an a-c can be 
determined to within 0.25%. To cover 
a large frequency range several coils of 
different inductances are used. Each 
coil has its own calibration chart. 

One simple type of absorption wave- 
meter has no indicating meter. It 
consists of a coil and a variable capacitor 
as shown in Fig. 8-27. <A resonance 
indication is obtained by observing the 
anode current’ meter in the transmitter 
stage whose frequency is being checked. 
In this case, when the wavemeter is 
tuned to resonance, the increased load- 
ing on the tank circuit of the transmitter 
stage causes a rise in the anode current 
of the stage. This effect is a maximum 
when the wavemeter is exactly tuned 
to the same frequency as that of the 
transmitter stage. This method of indi- 
catiow ts called the reaction method. To 
cover a wide range of frequencies several 
coil and capacitor units are provided as 
shown in Fig. 8-28. 
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Fia.8-28 Wide range reaction type wavemeter. 


B. The Heterodyne Wavemeter 


This type of wavemeter generates 
oscillations of a known frequency which 
are combined with the oscillations of the 
circuit being tested and the beat fre- 
quency between the two is detected. 
This is called a heterodyne wavemeter. 
The circuit diagram is shown in Fig. 8-29. 

The wavemeter is a combined oscillator 
and detector. A single battery is used 
for H.T. and L.T. supplies. The L.T. 
is varied by a rheostat to provide the 
correct filament voltage. The signal 
from the circuit being tested is introduced 
into the input circuit through the coupl- 
ing coil. This signal is combined in the 
tuned circuit with the oscillation pro- 
duced by the wavemeter and the 
resultant beat detected by means of 
grid detection in the triode. A current 
of frequency equal to the difference 
between the signal and the oscillation 
frequencies flows through the head- 
phones. If this difference frequency is 
in the a-f range, an audio note is heard. 
When the variable capacitor is set so 
that there is zero beat, that is, when the 
frequency of the note has decreased to 
zero, then the frequency reading on the 
wavemeter is also the frequency of the 
circuit being tested. This is a very 
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Coupling coil 


Fia.8-29 Heterodyne wavemeter circuit. 


sensitive method and gives very accurate 
measurement of frequency. 


8.14 Tuning the transmitter. Before 
tuning the actual transmitter circuits, 
the following preliminary adjustments 
are made. 

(i) The transmitter is switched to C-w. 
Tuning is always done on c-w to 
give steady conditions. If only r-t 
is available for the transmitter the 
microphone is disconnected or 
muffled. 

Gi) The filaments are switched on. 

Sufficient time must be allowed to 
elapse to permit the filaments to 
heat up. 

A reduced H.T. is switched on to 
the high-power stages of the trans- 
mitter. This is necessary in a high- 
power transmitter stage so that 
high-voltage H.T. is not applied 
to an untuned stage; otherwise an 
excessive anode current might flow 
to burn out the valves. The switch 
which provides the reduced H.T. 
is usually labelled the Hiau-Low, 
OPpERATE-T UNE or OPERATE-ADJUST 
switch. Sometimes internal knife 
switches are provided to break the 
H.T. to the high-power stage. These 
switches are closed after all previous 
stages are tuned so that H.T. is only 
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applied for a short time before the 
final circuit is tuned. 

The aerial is grounded. This is 
done in some cases SO that no 
radiation occurs at an undesired 
frequency. It also prevents the 
aerial from having any effect on 
the circuit being tuned. 

After the preliminary adjustments 
have been made the transmitter is tuned 
stage by stage. In many transmitters 
an approximate tuning is made by the 
adjustment of inductances. Movable 
taps are provided which are set by hand. 
Consequently before turning on the 
H.T., the taps are set on the coils at 
the approximate value of inductance 
recommended by the manufacturer’s 
pamphlet. The pamphlet gives only 
approximate values but these can be 
used to advantage for rough settings. 
Since the H.T. voltages used are high 
enough to cause serious injury, care 
must be taken to turn off the H.T. 
before adjusting any coil taps by hand. 
The fine tuning is done with the variable 
capacitor. After the fine tuning, the 
capacitor setting is usually fixed by a 
dial lock. Some transmitters have a 
wave-change mechanism which enables 
several fixed settings of the one capacitor 
to be made. Several stops are employed 
on the one capacitor, so that the trans- 
mitter can be turned to any one of 
several preset frequencies. In either 
case, all the locks and settings are loosened 
when fine tuning is carried out. 

The tuning of the transmitter starts 
with the master oscillator or crystal 
oscillator. If it is a master oscillator, a 
wavemeter must be used to check the 
frequency. The wavemeter is set to the 
desired frequency. The wavemeter coil 
is coupled to the tank circuit of the 
oscillator and the oscillator tuning capa- 
citor tuned for a maximum wavemeter 
reading. In doing this the wavemeter 
should be coupled as loosely as possible 
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so that the frequency of the oscillator 
will not change when the wavemeter is 
removed. Loose coupling also ensures 
that the wavemeter will not be over- 
loaded when the transmitter is turned on. 

If a crystal oscillator is used with a 
tuned circuit in the anode, this circuit 
must also be tuned. No wavemeter is 
necessary since the crystal sets the 
frequency. However no oscillations occur 
unless the tuned circuit is tuned near 
the crystal frequency. Proper tuning is 
indicated by a dip in anode current. 
Hence a cathode or anode current meter 
serves as a tuning indicator. The setting 
at the exact minimum of the current 
dip is not the final adjustment. At this 
setting the crystal oscillator is very 
unstable and loading caused by tuning 
the following stages may damp the oscil- 
lations in the tank circuit. This de- 
creases the amount of feedback and may 
stop oscillation. If the set is turned 
off and on again at this setting of the 
tank circuit, the feedback may not be 
enough to start oscillations. | Conse- 
quently to ensure starting of the oscilla- 
tor and to ensure that loading caused by 
tuning the following stages does not 
stop oscillation, the circuit is detuned 
slightly from the resonant frequency. 
The detuning may be on the high- 
frequency or low-frequency side of 
resonance depending on the type of 
oscillator circuit. 

The amplifiers or multipliers following 
the oscillator are now tuned to the 
incoming signal from the oscillator. If a 
current meter in the anode or cathode 
of the stage is used, a dip in meter 
reading indicates the anode circuit is 
tuned to resonance with the incoming 
signal. This is true of a multiplier as 
well as an amplifier. However, care 
must be taken with a multiplier to tune 
to the harmonic desired because a dip 
will result in tuning to any harmonic. 
In most cases, there is no ambiguity 
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because the range of the tuning circuit 
includes only the desired harmonic 
frequency. Therefore the one minimum 
obtained is the correct one. Another 
indication of correct tuning which is 
perhaps more accurate may be used in 
an amplifier that is followed by another 
Class C stage with a grid or cathode 
current meter present. In this case 
when the amplifier is tuned, a maximum 
a-c voltage is applied to the grid of the 
next valve and causes the grid current 
in the next valve to reach a maximum. 
This maximum can be observed on a 
grid or cathode current meter. 

By either of these methods the trans- 
mitter is tuned from stage to stage up 
to the aerial circuit. If there is a 
neutralization adjustment, the r-f circuits 
up to the neutralized stage are tuned 
and neutralization adjustments made as 
described in section 8.9. After the final 
power amplifier and aerial circuits are 
given a preliminary tuning with the 
reduced H.T. voltage on the power 
amplifier, final tuning is carried out with 
the full H.T. on. 

8.15 Aerial coupling and tuning. The 
transmitting aerials used on low-fre- 
quency transmitters are usually short 
in comparison with the wavelength of 
the transmission. To make the aerial 
resonant, a certain amount of variable 
inductive loading is necessary. The 
tuning of this variable inductance deter- 
mines the resonant frequency of the 
aerial circuit which is tuned to the 
transmitter frequency. Tuning the 
aerial brings the loading inductance and 
the aerial inductance into resonance with 
the aerial capacitance and stray capaci- 
tance to ground. 

The aerial is coupled to the r-f power 
amplifier. Four different methods of 
coupling are shown in Fig. 8-30. Each 
of these methods has incorporated in it 
one or more variable components which 
are designed to make the aerial tune 


8:27 


over the transmitter range of frequencies. 

In Fig. 8-30 (a) the aerial is part of the 
tuned circuit of the power amplifier so 
that the problem of tuning is a simple 
one. When the circuit resonates the 
current circulating in the aerial circuit 
is a maximum. This current flows in 
the aerial and the maximum of energy 
is radiated. In tuning the circuit the 
drive is applied to the grid circuit and 
the capacitor C, set at half capacitance. 
The rough tuning is then done by rotat- 
ing S; until a dip in the cathode current 
meter is observed. The position of 
minimum current is selected and an 
exact minimum is then obtained by fine 
tuning of Cy. The whole circuit is 
designed so that when the aerial is tuned 
it provides the correct load and the 
valve operates at its maximum efficiency. 

For an indication of resonance in a 
separate aerial circuit, the tuning meter 
in the cathode or anode circuit of the 
final power-amplifier stage is usually 
used. The transmitter has been pre- 
viously tuned so that the power amplifier 
is applying the required r-f to the aerial. 
When the aerial comes into resonance 
it acts as an open oscillator to radiate 
energy in the form of electromagnetic 
waves. If the r-f amplifier is operated 
Class C the extra power drawn from the 
circuit causes the d-c current through 
the valve to increase. A maximum 
cathode or anode current in the r-f 
amplifier shows that the aerial is in tune. 

In the Fig. 8-30 (b), the aerial is 
attached directly to the coil in the 
power amplifier tank circuit. The im- 
pedance of the aerial is very low. For 
example, the impedance of a quarter- 
wave Marconi aerial is about 35 ohms. 
Since the impedance of the tank circuit 
is much more than this, the aerial tap 
is placed at a point close to ground 
where the impedance to ground matches 
the impedance of the aerial. The coil 
then acts as an autotransformer to 
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F'1a.8-30 Methods of coupling aerial to power 
amplifier (a) Aerial part of tuned anode circuit 
(b) Direct coupling to p-a tank circuit (¢) Mutual 
inductive coupling (d) Link coupling to aerial 
tank circuit. 
match the aerial to the power amplifier 
tank circuit for maximum transfer of 
energy. In tuning this circuit, a milliam- 
meter in the cathode circuit of the power 
amplifier is used. With the input to 
the power amplifier applied, the tap B 
removed and the capacitor C, at half 
capacitance, the inductance is varied by 
changing the tap A until an approximate 
minimum meter reading is obtained. 
Then C, is finely tuned to an exact 
minimum. Now the tap B is placed 
near the lower end of L;. The aerial 
loads and also detunes the power amp- 
lifier tank causing a rise in cathode 
current. The capacitor C. is again tuned 

for a minimum meter reading to re- 
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establish the correct tuning. This time 
the value of the minimum current, which 
is higher due to loading, is noted. The 
tap B is then moved up or down, each 
time tuning C2 again to a minimum meter 
reading. The setting of the tap B which 
gives the largest value of minimum meter 
reading is the correct one. At this 
position the maximum transfer of energy 
to the aerial occurs. 

When the aerial circuit is separate as 
in Fig. 8-30 (c), mutual inductive coupl- 
ing is used to excite the aerial. The 
inductances L3 and L, form the primary 
and secondary of a transformer which is 
used to match the aerial to the power 
amplifier tank circuit. The variable tap 
on L4 varies the turns ratio to obtain 
this match. In order to make the aerial 
resonant, a loading inductaixce made 
up of Le, Ls and part of Ls, is used. 
The main inductance Les is the coarse 
adjustment and the variometer L; is 
the fine adjustment for the aerial circuit. 
The procedure in tuning is as follows. 
The tap on Lis placed near the grounded 
end to give a small amount of coupling 
to the aerial. This is to ensure that the 
power amplifier is not overloaded by too 
close coupling as Leg is adjusted to tune 
the aerial. The position of the tap on 
Le, is adjusted for a maximum reading 
of the power amplifier cathode current 
meter A. The aerial current meter A» 
will also read a maximum but since only 
a small amount of coupling is used the 
reading may be too small to be noticed. 
Now, since the aerial loads and detunes 
the power amplifier tank, the capacitor 
C. is returned for a dip in cathode 
current. The tap on Ly is moved to 
increase the coupling until the rated 
current for full load on the power 
amplifier valve is obtained. Each time 
D4 is adjusted, Ls is tuned for a maxi- 
mum cathode current and C, is retuned 
for a dip in cathode current. A check 
on the tuning is performed by moving 
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Ls slightly in either direction to see if 
a greater aerial current flows through 
the aerial current meter. Movements 
of L; to right and to left should decrease 
the aerial current and L; is then returned 
to the maximum reading. However a 
slight adjustment of L; may increase 
the aerial current. If this is true then 
Ls is tuned to the maximum. 

In Fig. 8-30 (d) another type of 
matching circuit is illustrated. A fixed 
coupling coil L.4 is used to couple the 
power amplifier to the aerial circuit. 
The r-f is fed to a parallel tuned circuit 
made up of C3 and the portion of L; 
from A to ground. The position of C, 
the coupling coil tap, and the position 
of A, the tuned-circuit inductance tap, 
determine the turns ratio of the auto- 
transformer L;. The correct adjustment 
of these taps matches the tuned circuit 
to the coupling coil L, for the maximum 
transfer of energy. The tap A is adjusted 
so that it gives the correct amount of 
inductance to tune within the tuning 
range of C3. The aerial is then tapped 
on to a point B on L; so that the im- 
pedance from B to ground matches the 
aerial impedance. The matching auto- 
transformer here has its primary from A 
to ground and the secondary from B to 
ground. The aerial current meter 
indicates when the aerial is matched to 
the tuned circuit. Resonance in the 
aerial tuned circuit is indicated by the 
power amplifier cathode current meter 
as a maximum reading. 

The adjustment of this circuit is 
difficult. Each of the three taps on L, 
changes the effective circuit values in 
the tuned circuit. However, the general 
procedure in tuning the aerial is as 
follows. The coupling tap C is placed 
at a minimum coupling point. The 
parallel circuit can then be tuned to 
resonance as indicated by a rise in 
cathode current in the power amplifier. 
The tap A is set to a position which 
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allows C3; to tune the parallel circuit at 
a small capacitance point. The small 
amount of capacitance at resonance is 
desirable so that the a-c voltage develop- 
ed will not be enough to cause arcing 
between the plates of the capacitor. 
Then the tap B can be varied until it is 
at a point where maximum aerial current 
is obtained. The capacitor C3 is tuned 
with every adjustment until a maximum 
in power amplifier cathode current is 
observed. The coupling is then increased 
by means of tap C until the rated loading 
of the power amplifier is reached. 


8.16 Microphones. A microphone is a 
device which is used to convert sound 
vibrations into electrical oscillations. 
The compressions and rarefactions which 
comprise the sound waves are made to 
fall upon a flexible diaphragm. These 
variations in air pressure cause the 
diaphragm to vibrate at the frequency 
of the vibrations in the sound wave. 
The movement of the diaphragm is then 
made to generate or to vary an electric 
current at the same audio frequency. 
The a-f current produced by the micro- 
phone is usually of small amplitude and 
therefore must be amplified. Hence the 
output of the microphone and its im- 
mediate circuit is generally applied to the 
grid circuit of a valve amplifier. 

Five types of microphones which are 
in common use are described in the 
following paragraphs. 


A. Carbon Microphone 


The carbon microphone shown in Fig. 
8-31 consists of a cylindrical metal cup 
filled with loosely packed carbon granules. 
The oper face of the cup is fitted with a 
flexible metal diaphragm which is in 
contact with the carbon granules but 
insulated from the metal cup. This 
structure is called the carbon button. The 
microphone shown is called a _ szngle- 
button carbon microphone. There are two 
electrical leads from the microphone, one 


Insulation 
Terminal 

\— Protective screen 
Carbon granules 
Diaphragm 
Cylindrical 
metal cup 


Carbon button 


Terminal 


Bakelite case 


F1c.8-31 Single-button carbon microphone. 


being connected to the metal diaphragm 
and the other to the metal cup. The 
carbon button is connected in series with 
the primary of a step-up transformer 
and a low-voltage d-c supply of about 
2 to 6 volts (Fig. 8-32). When no sound 
is allowed to enter the microphone, the 
diaphragm is at rest and the resistance 
of the carbon button remains constant 
at about 100 ohms. A steady current 
therefore flows through the carbon button 
and primary winding of the microphone 
transformer. When a compression enters 
the microphone the diaphragm is pushed 
in slightly. This presses the carbon 
granules more closely together and causes 
their resistance to decrease. The current 
flowing through the carbon button and 
primary winding increases and an e.m.f. 
is induced in the secondary winding of 
the transformer. When a rarefaction 
enters the microphone, the diaphragm 
moves out slightly. This reduces the 
pressure on the carbon granules, their 
resistance increases and the primary 
current decreases. Hence an e.mf. is 
induced in the secondary winding in the 
opposite direction to that caused by a 
compression. As a result, the sound 
waves entering the microphone cause 
the diaphragm to vibrate thus varying 
the primary current. This in turn 
produces an alternating e.m.f. in the 
secondary winding of the transformer. 
The frequency of the induced e.m. is 
the same as the frequency or pitch of 
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Fig. 8-32 Single-button carbon microphone 
circuit. 


the sound wave. The amplitude of the 
induced e.m.f. is determined by the 
intensity of the sound wave. 

The carbon-button microphone has a 
high sensitivity, the output of the micro- 
phone transformer having an amplitude 
up to 10 volts for normal speaking input. 
However, the fidelity of this type of 
microphone does not compare favourably 
with other types so that its use is 
senerally restricted to speech since 
understandable speech transmission re- 
quires only a limited frequency range. 

Mechanical resonance of the diaphragm 
at a frequency in the upper audio range 
and the sluggishness of the diaphragm 
contribute to the lack of fidelity. In 
addition there is a high inherent noise 
output from carbon-button microphones. 

The fidelity of the carbon microphone 
can be considerably increased by employ- 
ing two buttons as shown in Fig. 8-33. 
This type is called the double-button 
microphone. Its construction is similar 
to that of the single-button type except 
that a metal cup containing granules is 
placed on each side of the diaphragm. 
There are three electrical leads from 
the microphone, one from each cup and 
one from the diaphragm. When the 
diaphragm moves in such a way as to 
increase the pressure on one button, it 
reduces the pressure on the other button. 
Thus, when the current through one 
button increases, the current through 
the other button decreases. The micro- 
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phone is connected in a push-pull type 
of circuit (Fig. 8-34). An increasing 
current in the clockwise direction in one 
half of the primary winding produces 
the same effect in the secondary as a 
decreasing current in the counterclock- 
wise direction in the other half of the 
primary. Hence, the e.m.f.’s induced in 
the secondary circuit by the two primary 
currents are in phase with each other 
and add together. 

The fidelity of the double-button 
microphone is higher than that of the 
single-button type because second har- 
monic distortion is largely eliminated 
by the push-pull operation. However 
the output of this microphone is con- 
siderably less than that of the single- 
button type as less current flows through 
the double-button microphone. The 
high noise level is characteristic of all 
carbon microphones. 
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B. Capacitor Microphone 

A capacitor microphone is shown in 
Fig. 8-35. It consists of a very thin, 
tightly stretched diaphragm of aluminum 
alloy placed close to a metal back plate. 
The diaphragm and back plate are 
insulated from each other and separated 
by an air space about .001 inch thick, 
forming a capacitor. 

The microphone is connected in series 
with a d-c supply of about 200 volts and 
a very high resistance R in the neigh, 
bourhood of 20 megohms, as shown in 
Fig. 8-36. Sound waves falling on the 
diaphragm cause it to vibrate, varying 
its capacitance at the a-f rate. When 
no sound enters the microphone the 
microphone capacitor is charged to 200V 
and there is no voltage across R. When 
a compression enters the microphone 
the diaphragm is pushed toward the 
back plate, the capacitance is increased 
and the p.d. between the capacitor 
plates is decreased. The capacitor begins 
to charge through R producing a voltage 
across it. When a rarefaction enters the 
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microphone the diaphragm moves out 
from the back plate and beyond its 
initial position. The capacitance is 
decreased below its initial value, the 
p.d. between the capacitor plates is 
increased and the capacitor begins to 
discharge through R producing a voltage 
in the opposite direction across Rk. Thus, 
an audio-frequency voltage is produced 
across R which is applied via C, across 
R, to the succeeding amplifier stage. 
C blocks the 200V from the next stage. 
The resistance in the circuit is made very 
large so that the charge on the capacitor 
remains substantially constant through- 
out the a-f cycle. As a result, there is a 
linear relationship between the ampli- 
tude of the a-c voltage across R and the 
change in capacitance which depends on 
the sound intensity. The frequency of 
the a-c voltage across Rk corresponds to 
the pitch of the sound. 

The sensitivity of the capacitor micro- 
phone is very low and it ordinarily 
requires two additional stages of voltage 
amplification to raise the level of the 
output to that of a single-button carbon 
microphone. No impedance-matching 
transformer is required between the 
capacitor microphone and the grid cir- 
cuit of the first amplifier as the output 
impedance of the microphone is very 
high. For this reason the microphone 
must be well shielded to prevent pickup 
of a-c hum voltages. The frequency 
response of the microphone is ordinarily 
better than that of the carbon micro- 
phone and there is no background hiss. 


C. Velocity or Ribbon Microphone 


The velocity microphone shown in 
Fig. 8-37 contains a thin corrugated 
metallic ribbon which is suspended be- 
tween the pole pieces of a permanent 
horseshoe magnet. The ends of the 
ribbon are insulated from the magnet 
and form the terminals of the micro- 
phone. Sound waves entering the 
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microphone fall upon the ribbon and 
set it in vibration. Since the ribbon is a 
conductor moving across a magnetic 
field, an e.m.f. is induced in it. The 
frequency and amplitude of the e.m-f. 
are determined by the pitch and intensity 
of the sound as in the case of the carbon 
and capacitor microphones, The name 
velocity microphone arises from the fact 
that the movement of the ribbon is 
proportional to the velocity of the air 
molecules set in motion by the sound 
wave. 

The frequency response of the micro- 
phone is flat over a wide range of audio 
frequencies so that its fidelity is com- 
paratively high. The output impedance 
of the microphone is extremely low, of 
the order of 1 ohm. It is common 
practice to use two step-up transformers 
T, and T», in cascade (Fig. 8-38) to 
match the low impedance of the micro- 
phone to the input impedance of the 
amplifier. The first transformer ordinarily 
matches the ribbon impedance to 200 
ohms impedance and the second one 
matches 200 ohms to the grid circuit 
impedance. This arrangement over- 
comes the difficulty of designing a single 
ribbon-to-grid transformer with satis- 
factory fidelity characteristics. 
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Fig.8-38 Matching impedance of ribbon micro- 
phone to impedance of amplifier. 


The output voltage from the high- 
impedance terminals of the second trans- 
former is comparable with that of the 
capacitor microphone. This is consider- 
ably less than the output of the carbon 
microphone. 


D. Dynamic Microphone 


The dynamic microphone (Fig. 8-39) 
is similar in construction to a small 
permanent-magnet loudspeaker. It con- 
sists of a light diaphragm or cone 
connected to a fine coil of wire which is 
suspended between the poles of a strong 
permanent magnet. The sound waves 
fall on the diaphragm or cone and set it 
in vibration. This in turn causes the 
coil to vibrate in the field of the per- 
manent magnet. An alternating e.m.f. 
is produced across the ends of the coil 
as in the case of the ribbon microphone. 
As the output impedance of this micro- 
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phone is also low, about 30 ohms, a 
step-up transformer is used to match 
the impedance to that of the amplifier 
grid circuit. The output of the dynamic 
microphone is comparable with that of 
the capacitor and ribbon microphones. 


E. Crystal Microphone 


The crystal microphone depends for 
its operation on the piezo-electric effect. 
That is, certain crystals develop an 
alternating p.d. between opposite faces 
when subjected to an alternating pres- 
sure. While quartz and Rochelle salts 
exhibit this effect, the latter crystals are 
generally employed in microphones be- 
cause of their greater sensitivity. Two 
types of crystal microphones are. in 
common use, the diaphragm type and 
the sound-cell type. 

The diaphragm microphone contains 
a unit consisting of two crystal slices 
cemented together in such a way that 
when one slice tends to expand due to 
an applied voltage the other tends to 
contract. A fibre diaphragm is mechani- 
cally coupled to the crystal unit. The 
sound waves entering the microphone 
cause the diaphragm to vibrate. These 
vibrations are communicated to the 
crystal causing it to bend at the same 
frequency as the sound wave. The 
bending of the crystals causes an alter- 
nating voltage to be developed between 
its opposite faces. This voltage is picked 
up by a pair of foil electrodes in contact 
with the opposite faces of the crystal 
and provides the a-f output. 

The sound-cell type of microphone is 
made up of a number of small crystal 
units called sound cells. ‘The cells are 
connected in series or series-parallel to 
increase the output voltage and to 
provide a more uniform .:requency res- 
ponse. Each sound cell consists of two 
pairs of crystal plates, the pairs being 
separated from each other by a small 
air space (Fig. 8-40). The individual 
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F1c.8-40 Sound cell of crystal microphone. 


plates are sections of Rochelle salt crystals 
about 4 inch square and inch thick. 
The plates of each pair are cemented 
together back to back as in the case of 
the unit in the diaphragm microphone. 
The crystal plates are enclosed in an 


8.17 Questions and problems. 


1. What is the purpose of a radio 
transmitter? 


2. State the essential parts of a trans- 
mitter. 


3. Explain the disadvantages of a trans- 
mitter consisting of an oscillator, 
power supply and aerial only. 


4. Give reasons why high frequency 
stability is required in a transmitter. 


5. Explain the term frequency tolerance. 


6. How is the frequency tolerance of 
ship transmitters checked ? 


7. Define the term frequency drift. 
8. How is frequency drift avoided? 


9. Describe the construction and action 
of a negative-temperature-coefficient 
capacitor and an anti-drift coil. 


10. Why is loose coupling to the oscillator 
desirable? 


11. Explain the purpose of a buffer 
amplifier. 


12. State any other causes of frequency 
instability in a transmitter. 
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airtight compartment. The alternating 
pressure in the sound wave is applied 
directly to the individual sound cells. 
A protective membrane is used in some 
types of crystal microphones. 

The output impedance of the crystal 
microphone is extremely high and is 
capacitive. It is therefore connected 
directly to the input circuit of the 
amplifier using a grid-leak resistor of 
about 5 megohms. The voltage output 
of the crystal microphone is slightly 
greater than that of the capacitor and 
velocity types. The fidelity of the 
microphone is quite high, especially with 
the sound-cell type. A uniform fre- 
quency response from 100 to 5000 cycles 
per second is usual with a well designed 
crystal microphone. 


13. Explain how the effect of each of 
the above is minimized. 


14. Why is it not desirable to key the 
oscillator? 


15. Explain the construction of a master 
oscillator. 


16. Compare m.o. control and crystal 
control as regards frequency, power, 
frequency stability and tuning 
flexibility. 

17. Why must frequency multipliers be 
used at high frequencies with crystal 
control? 


18. Draw a block diagram of a c-w 
transmitter with m.o. control. ° 


19. Draw a block diagram of an m.c.w. 
transmitter with crystal control and 
grid modulation. 


20. Draw a block diagram of an r-t 
transmitter with m.o. and crystal 
control and anode modulation. 


21. What advantages result when both 
m.o. and crystal control are 
employed? 


22. 
23. 


24. 
25. 
26. 
27. 


28. 
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38. 
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Explain the term paralyzing bias. 


Drawablock diagram of a transmitter 
for c-w, m-c-w or r-t transmission 
with m.o. and crystal control and 
grid modulation. 


Explain the action of each stage of 
the above transmitter. 


Explain the purpose and principle of 
operation of a frequency multiplier. 


Draw a circuit diagram of afrequency 
multiplier stage. 


Explain the action of the above 
circuit. 

Why is the efficiency of a frequency 
multiplier less when it operates as a 
tripler than as a doubler? 


What efficiency is expected from a 
doubler if its efficiency as an ampli- 
fier at the fundamental frequency 
is 80%? 

What is meant by optimum angle of 
flow in a multiplier? What should 
its value be for a doubler? 


Draw a diagram to illustrate the 
input voltage, anode current and 
output voltage waveforms of a fre- 
quency doubler with an operating 
angle of 90°. 

Why is a high-Q tuned circuit 
desirable in a multiplier? 

Why can a push-pull stage not be 
operated as a doubler? 

Draw and explain the action of a 
modified push-pull circuit which may 
be used as a doubler. 

Why is neutralization necessary in 
a triode amplifier? 

Why are a-f amplifiers not usually 
neutralized? 

Why are pentodes not used in place 
of triodes as r-f power amplifiers 
to avoid neutralizing arrangements? 
Draw the circuit of a grid-neutralized 
amplifier. 
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Explain the action of a grid-neutral- 
ized amplifier. 


What is the condition for complete 
neutralization? 


Draw the circuit of an anode- 
neutralized amplifier. 


Explain its action using the equiva- 
lent bridge circuit. 


Draw a circuit for neutralization at 
one frequency only. 


Draw the circuit of a neutralized 
push-pull amplifier. 


Why must the neutralizing capacitor 
have a high-voltage rating? 


Upon what principle does the neu- 
tralizing procedure depend? 


Describe the neutralizing procedure 
for the circuit of question 41. 


Why is a c-w signal employed during 
the neutralization procedure? 


Why is an amplifier usually neutral- 
ized on its highest range? 


Explain the neutralization procedure 
for a push-pull amplifier. 


What are parasitic oscillations? 


Why are parasitic oscillations not 
desirable? 


Explain how h-f parasitics occur. 


Explain how h-f parasitics are 
eliminated. 


How are I-f parasitics set up? 
How are I-f parasitics eliminated? 


What power sources are likely to be 
available in a ship for the trans- 
mitter equipments? 


What kind of power supply is re- 
quired as the actual input to a 
transmitter? 


What type of power supply is re- 
quired in a high-power transmitter? 


What are the control circuits? 
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Explain the positions and purpose 
of the safety door and panel switches. 


Explain the difference between 
stand-by and normal operation. 


Explain the purpose and action of 
(a) break-in keying relay 

(b) overload relay 

(c) filament time-delay relay. 
Explain the purpose of a wavemeter 
or frequency meter. 


Give the formula which relates fre- 
quency and wavelength. 


A wavemeter gives the following 
frequency values for three trans- 
mitters. Calculate the wavelength 
in metres in each case. 

(a) 500 Ke/s 

(b) 12.5 Me/s 

(c) 90 Mc/s. 


The frequency of a transmitter is 
measured as 1.85 Mc/s. Calculate 
the corresponding wavelength in 
metres. 

Calculate the frequencies of trans- 
mission for the following wavelengths: 
(a) 5 metres 

(b) 1.5 metres 

(c) 10 centimetres. 


What are the essential parts of an 
absorption wavemeter? 


Explain the action of a simple 
absorption wavemeter. 


Describe three methods of resonance 
indication which are employed with 
absorption wavemeters. 

Draw. the circuit of an absorption 
meter with a vaccum-tube  volt- 
meter suitable for measuring fre- 
quency over several ranges. 

Explain the action of the above 
circuit. 

Why must the position of the wave- 


meter be fixed when a measurement 
is made? 
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When and why are frequency cali- 
bration charts used? 


What are the essential parts of a 
heterodyne wavemeter? 


Explain the principle of a heterodyne 

wavemeter. 

Draw and explain the action of a 

simple heterodyne wavemeter circuit. 

What is the method of resonance 

indication in a heterodyne wave- 

meter? 

List the preliminary adjustments 

necessary in tuning up a transmitter. 

Explain the purpose of each adjust- 

ment. 

Explain the tuning procedure for a 

c-w transmitter having the following 

stages 

(a) erystal oscillator-master 
oscillator 

(b) frequency doubler 

(c) driver 

(d) power amplifier 

(e) transformer-coupled aerial. 

What resonance indications are used 

in tuning an amplifier to a given 

r-f signal? 

Why is a erystal oscillator detuned 

slightly? 

On which side of resonance is a 

Pierce crystal oscillator detuned? A 

Miller crystal oscillator? 

What type of aerial is generally used 

with r-f transmitters? 

Why must this aerial be inductively 

loaded? 

What is the object in tuning the 

aerial? 

By means of sketches illustrate 

several methods of coupling a power 

amplifier to an aerial. 

Explain how the aerial is tuned in 

each method. 
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A power amplifier is transformer 
coupled to a quarter-wave Marconi 
aerial having rough and fine induc- 
tance tuning. Make a circuit diagram 
and explain the aerial tuning pro- 
cedure. 


What condition indicates that the 
aerial is tuned? 


What condition indicates that the 
aerial is matched to the p.a.? 


Why is matching necessary between 
a power amplifier and an aerial? 


After an aerial tuning procedure has 
been carried out it is found that a 
slight change in the capacitance of 
the power amplifier tank causes an 
increase in aerial current. What 
condition is suggested by this obser- 
vation? What corrective steps should 
be taken? 


Draw a block diagram of the trans- 
mitter shown in Fig. 8.19. 


Draw the m.o. circuit separately, 
name the type of oscillator and 
explain the purpose of Z;, C17 and 
Cis, C2, C37 and Ps, and C3. 


Draw the crystal oscillator circuit, 
name the type of oscillator and 
explain the purpose of each com- 
ponent. 


Draw the V2 circuit as it appears 
when operating as an untuned am- 
plifier. Name the type of circuit 
and explain the purpose of C25 and 
Co7, Coo. and Rs. 


100. Draw the V2 circuit as it appears 


101. 


when operating as a tripler. Name 
the type of circuit and explain its 
action. Explain the purpose of 
each component. 


Draw the driver circuit, name the 
type of circuit and explain the 
purpose of Cis, Cis, Lio, Rs, Rio 
and C 47, C3 0- 


102. 


103. 


104. 


105. 


106. 


107. 


108. 


109. 


110. 


111. 


112. 


113. 


8:37 


Draw the power amplifier and 
aerial circuit for c-w operation. 
Name the type of circuit and ex- 
plain the purpose of Lis, C51, Ris, 
Rig and Loo. 


Explain how the paralyzing bias is 
obtained when the key is open. 


(a) What are the objections to key- 
ing an oscillator stage? 


(b) How are these objections over- 
come in this transmitter? 


Explain the sequence of events 
when the press-to-talk switch or 
key is closed assuming the trans- 
mitter to be ready to operate. 


(a) Explain the time-delay action. 


(b) How may this delay be re- 
duced? 


(a) Draw the power-amplifier grid 
circuit and the modulator for 
(i) m-c-w (ii) r-t. 

(b) Name the type of circuit in 
each case. 

(c) Explain the purpose of 71, 
Rs, T >, C45 and Rai, J, Reso 
and Rep, So and Rog. 


Explain the action of the break-in 
keying relay E'.. 


What preliminary adjustments are 
made before tuning up this trans- 
mitter? 


Explain the tuning procedure for 
the transmitter stage by stage. 


Describe the construction of a 
single-button carbon microphone. 


What is the purpose of the d-c 
supply connected in the carbon 
microphone circuit? 


Explain how sound waves entering 
the microphone are made to con- 
trol the flow of current from the 
d-c supply. 
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What determines the frequency of 
the a-c output of the microphone? 
What determines the amplitude of 
the output? 


What is the purpose of the trans- 
former connected between the 
microphone and the amplifier? 


What are the chief advantages of a 
carbon microphone as compared 
with other types? 


What is the chief disadvantage of 
a single-button carbon microphone? 


Make a diagram of a double-button 
carbon microphone and its asso- 
ciated circuit including the trans- 
former. 


Describe the operation of the cir- 
cuit above. 


In what respect is the double- 
button carbon microphone inferior 
to the single-button type? 


How does the fidelity of the double- 
button microphone compare with 
that of the single-button micro- 
phone? 


Account for this difference in 
fidelity. 


Make a cross-section diagram of a 
capacitor microphone. 


Explain the operation of the capa- 
citor microphone. 
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Account for the very high value of 
resistance connected in the output 
circuit of this type of microphone. 


How does the impedance of the 
capacitor microphone compare with 
that of the carbon microphone? 


What is an alternative name for 
the ribbon microphone? Explain 
the significance of each name. 


Explain the operation of the ribbon 
microphone when sound waves are 
made to actuate the ribbon. 


Explain the purpose of 7; and 7, 
in Fig. 8-38. 

How does the sensitivity of the 
ribbon microphone compare with 
the sensitivity of the carbon and 
capacitor microphones? 


A permanent-magnet speaker is 
used as a microphone. What name 
is given to this type of microphone? 
In what main respect does it differ 
from the ribbon microphone? 


Name two types of crystal micro- 
phones. 


What type of crystal is generally 
used in crystal microphones? 


Explain how the diaphragm type 
of crystal microphone generates an 
a-c voltage. 


Describe the construction of a 
sound cell. 

State two advantages of the sound- 
cell microphone over the diaphragm 
type. 
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CHAPTER IX 


RADIO COMMUNICATION RECEPTION 


9.1 Principles of reception. The essen- 
tial components of a receiving station in 
a radio communication system are shown 
in Fig. 9-1. The purpose of the receiver 
is to receive the signal sent out by the 
transmitting station and to reproduce 
the intelligence which the sender desires 
to communicate. 


A. Aerial Circuit 


The receiving aerial absorbs energy 
from passing radio waves and feeds it to 
the receiver. This energy transfer occurs 
when the electromagnetic radio waves 
from the transmitter cut through the 
receiving aerial and induce in it an alter- 
nating current. This alternating current 
is similar to that in the transmitting 
aerial but greatly reduced in amplitude. 
Each of the transmitting stations, within 
range of the receiver, induces a current 
in the aerial at the station’s own fre- 
quency. These currents flow simul- 
taneously in the aerial circuit and are 
selected one at a time by the tuner circuit. 


B. Tuner 


The tuning circuit of the receiver is a 
resonant circuit consisting of an inductor 
and capacitor connected in series. It is 
an acceptor circuit which receives energy 
from the currents induced in the receiv- 
ing aerial. As in the case of the aerial 
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F1a.9-1 Block diagram of a simple receiver. 
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circuit, many circulating currents 
normally flow in the tuner circuit simul- 
taneously, each current flowing at the 
frequency of the transmitter signal pro- 
ducing it. The capacitance of the 
resonant circuit is then altered to tune 
the circuit to resonance at the frequency 
which it is desired to select. A compara- 
tively large current circulates in the 
tuner at this resonant frequency while 
the currents at frequencies off resonance 
are very small. This selected current 
produces a correspondingly large alter- 
nating r-f voltage across the tuning 
capacitor. 


C. Radio-Frequency Amplifier 


The r-f voltage produced in the tuner 
circuit, even at the resonant frequency, 
is so small that it usually requires ampli- 
fication prior to the detector stage. The 
radio-frequency amplifier consists of one 
or more stages of voltage amplifiers 
which increase the amplitude of the 
signal voltage. This amplifier may also 
contain resonant circuits which are tuned 
to the frequency of the signal by the 
same control which operates the aerial 
tuning circuit. This provides a greater 
degree of selectivity than that given by 
a single tuning stage. 


D. Detector 


The purpose of the detector circuit 
is to recover from the radio-frequency 
signal the audio intelligence supplied at 
the transmitter. The type of detector 
may vary considerably according to the 
power level at which the signal is de- 
tected. Diode detection is the most 
common type; crystal detection, grid 
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detection and anode detection are rarely 
used in Service equipment. Various types 
of detectors are described in Chapter VII. 
The output of the detector is the audio 
signal voltage which forms the input to 
the audio-frequency amplifier. 


E. Audio-Frequency Amplifier 


The audio-frequency section consists 
of two types of amplifiers, a voltage am- 
plifier and a power amplifier. The a-f 
voltage amplifier usually employs a high- 
gain triode or pentode valve in a resist- 
ance-capacitance coupled circuit. It 
increases the amplitude of the a-f signal 
to the level required by the power ampli- 
fier. The power amplifier circuit con- 
tains a triode or beam power valve which 
provides sufficient a-f current to operate 
headphones or a loudspeaker. 

9.2 A simple t-r-f receiver. The cir- 
cuit diagram of a simple tuned-radio- 
frequency (t-r-f) receiver is shown in 
Fig. 9-2. It consists of two r-f amplifiers, 
a diode detector, an a-f voltage amplifier 
and an a-f power amplifier. The aerial 
circuit is coupled to the tuner by the 
aerial transformer L;. The tuning capaci- 
tor C; is one section of a three-gang 
capacitor, of which the other two sec- 
tions are C2 and C3. Pentode valves are 
used in the r-f stages because they are 
more stable than triodes in high-fre- 


quency circuits. The screen grid con- 
struction reduces the grid-anode capaci- 
tance and thereby reduces the tendency 
to produce oscillations. A, is the screen 
voltage dropping resistor and C; the 
screen by-pass capacitor. C, and Re» 
provide cathode bias for Class A opera- 
tion of the amplifier. 

Radio waves from the transmitter 
passing the aerial wire causes an alter- 
nating current to flow in the aerial- 
ground circuit at the transmitter fre- 
quency. This current flowing in the 
primary winding of Z, induces a similar 
current in the secondary circuit of Li 
which sets up a circulating current in the 
tuner. Cj, is then adjusted so that the 
tuner is in resonance with the trans- 
mitter frequency and the circulating 
current in L,C, becomes a maximum at 
this frequency. The alternating voltage 
developed across C, by this circulating 
current is applied between grid and 
cathode of V; to control the flow of 
current through the valve. The alter- 
nating component of the current through 
the valve causes a circulating current to 
build up in the tuned anode circuit L2C2. 
The tuning capacitor C. is operated by 
the same control as that on C; so that the 
two circuits are always in resonance at 
the same frequency. The r-f current 
which circulates in L2C, is greater in 
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amplitude than that in L,C, because of 
the amplification of the circuit. The 
output of Vi is coupled through the 
secondary winding of the transformer Ly 
to the grid circuit of V2. The operation 
of V2 is similar to that of V, but with an 
amplified signal. Waveforms of input 
and output voltages of V; and V2 are 
shown in Fig. 9-3 (a), (b), (c) for a modu- 
lated continuous wave. 

The output of V2is transformer coupled 
to the detector stage. This circuit con- 
sists of a diode valve which rectifies the 
r-f signal and a filter circuit R;Cs. The 
r-f component of rectified current which 
flows through V; is by-passed by Cs. 
The audio-frequency component of the 
rectified current flows through R; and 
develops the a-f signal voltage across this 
resistor. Waveforms of input voltage, 
rectified current and output voltage of 
V3; are shown in Fig. 9-3 (c), (d) and (e). 

The a-f signal voltage is capacitively 
coupled through C, to the potentiometer 
R,. The potentiometer is the volume 
control for the receiver. The entire a-f 
signal voltage from the detector is ap- 
plied across R, and that part of the 
voltage between the sliding contact and 
ground is used as the input to V4. By 
moving the sliding contact up on fe, 
the amplitude of the voltage to V4 is 
increased and hence the volume of the 
final output is increased. 

The a-f voltage amplifier is a Class A 
resistance-capacitance coupled circuit. 
The valve V4, is a high-mu triode. Bias 
is provided by RCo in the cathode cir- 
cuit and the output voltage is developed 
across the load resistor Rs. Waveforms 
of the input and output voltages of this 
stage are shown in Fig. 9-3 (e) and (f). 

The power amplifier stage Vs is a 
beam-power amplifier which produces an 
audio-frequency current of large ampli- 
tude for operating the loudspeaker. The 
fluctuations in current through this valve 
may be as much as 1000 times the cor- 
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Fi1a.9-3 Input and output voltages for the t-r-f 
receiver stages. 


responding variations of current through 
the previous valve. Bias is provided by 
RioCw in the cathode circuit for Class A 
operation. The output transformer Ly, 
is used to match the high impedance of 
the valve circuit to the low impedance 
of the speaker. The relative impedances 
of these two circuits is frequently of the 
order of 900:1 which requires a step- 
down transformer of 30:1 to provide 
maximum power to the speaker. Such a 
voltage reduction provides a correspond- 
ing step-up in current to the speaker, 
which is a current-operated device. 
Waveforms of the input and output 
voltages of the power stage are shown in 
Fig. 9-3 (f) and (g). 
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The receiver just described is simple 
in construction and in theory of opera- 
tion. While it may prove satisfactory for 
reception from a nearby transmitter of 
considerable power, it is generally in- 
adequate for long-distance communica- 
tion for a number of reasons. The 
requirements of a good communications 
receiver are discussed in the following 
section. 


9.3 Requirements of a communica- 
tions receiver. 


A. Selectivity 


The receiving aerial comes under the 
influence of a large number of transmis- 
sions, each of which induces in the aerial 
an e.m.f. at its own carrier frequency. 
To avoid interference from adjacent 
channels, circuits selective to only a small 
band of frequencies are employed. The 
degree to which the receiver is capable 
of differentiating between the desired 
signal and signals of other carrier fre- 
quencies is called the selectety of the 
receiver. This selection of frequency 
occurs mainly in the tuner circuit of the 
first stage. However, each resonant or 
tuned circuit in the receiver contributes 
to this effect and the overall selectivity 
depends on the selectivity of every cir- 
cuit. A high degree of selectivity re- 
quires that the tuner have a low resist- 
ance, high L/C ratio and that it be 
loosely coupled to the aerial. 


B. Sensitivity 


The aerial voltages induced by the 
electromagnetic waves are so small that 
a large amount of amplification is neces- 
sary for an audible output. This ampli- 
fication takes place in most of the stages 
of the receiver. The sensitivity of a re- 
ceiver is a measure of the overall ampli- 
fication. It is defined as the number of 
microvolts input r-f, modulated 30% 
at 400 c/s, required to produce an audio 
output of 500 milliwatts. A good re- 
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ceiver will have a sensitivity of 1 to 10 
microvolts. Increasing the sensitivity 
beyond this point increases the volume 
of incidental aerial and valve noise in 
most receivers to the point where it 
obscures the signal. 


C. Signal-To-Noise Ratio 


The szgnal-to-noise ratio is the ratio of 
audio-signal power output to noise power 
output at any particular frequency. 
Motors, generators and other electrical 
equipment cause noise voltages to be 
present in the aerial at all frequencies. 
The electrical circuits and valves of any 
receiver also have a certain amount of 
inherent noise caused by the random 
movement of electrons. The amount of 
noise is directly proportional to the band- 
pass of the receiver. Thus, a receiver 
with good selectivity will have a better 
signal-to-noise ratio and better sensi- 
tivity than a receiver whose selectivity 
is poor. 

Some receivers have a variable band- 
pass which allows the operator to adjust 
the sensitivity of the set to obtain a good 
signal-to-noise ratio. A better signal-to- 
noise ratio is also obtained by making 
the aerial directive and pointing it at the 
transmitter, by making the transmitter 
aerial directive and pointing it at the 
receiver, or both. In each case the signal 
strength at the receiver is increased, 
making the signal-to-noise ratio greater. 


D. Fidelity 


Fidelity is the degree to which the re- 
ceiver faithfully reproduces the modula- 
tion of the incoming r-f carrier. For high 
fidelity the bandwidth of the receiver 
must be wide enough to include the 
extreme sideband frequencies. In the 
broadcast band, the bandwidth is usually 
5 Ke/s on either side of the carrier, 
making 10 Ke/s altogether. However 
since increasing the bandwidth to obtain 
good fidelity decreases the sensitivity of 
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a receiver, a compromise is made be- 
tween good sensitivity and good fidelity. 


E. Stability 


The ability of a receiver to give a 
constant output from a signal of con- 
stant strength and frequency is known 
as its stability. The frequency to which 
the receiver is tuned may be altered by 
changes in temperature or in power 
supply voltage. Negative-temperature- 
coefficient capacitors are used to elimi- 
nate the effect of temperature changes 
and well regulated power supplies elimi- 
nate possible changes in H.T. voltage. 

9.4 Types of r-f receiver signals. The 
simple t-r-f receiver shown in Fig. 9-2 
is suitable for the reception of radio 
waves which are modulated, in amplitude 
at the transmitter. Two types of ampli- 
tude-modulated waves, together with a 
wave of constant amplitude are shown in 
Fig. 9-4. A brief comparison of the 
advantages and disadvantages of these 
three types of radio communication. is 
given in the following section. So far as 
transmission is concerned, they are 
described in the order of increasing com- 
plexity, which is the order of simplicity 
so far as reception and de-coding are 
concerned. 

The c-w signal, Fig. 9-4 (a), consists of 
aradio-frequency carrier wave of constant 
amplitude which is keyed by the operator 
at the transmitter. Wave trains of short 
and long durations separated by spaces 
of no transmission represent the dots, 
dashes and spaces which constitute the 
Morse code. Transmission by this method 
requires only a very narrow band of 
frequencies so that a great many channels 
may be accommodated in a relatively 
narrow band of allocated radio frequen- 
cies. It has the disadvantage however 
that the signal must be modulated at 
the receiver before an audible output is 
produced. 

The m-c-w signal, Fig. 9-4 (b), con- 
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sists of an r-f carrier modulated by a 
single-frequency audio signal produced at 
the transmitter. The transmitter is 
keyed for Morse code transmission. The 
output of the detector stage in the re- 
ceiver is then an audible signal. Such a 
system requires a wider transmission 
bandwidth than the c-w system. The 
bandwidth extends above and below the 
carrier frequency by an amount equal 
to the modulating frequency. Thus with 
m-c-w transmission fewer channels may 
be accommodated in a given range of 
frequencies than with c-w transmission. 

The waveform of an r-t signal is shown 
in Fig. 9-4 (c). The modulation envelope 
is a complex waveform resulting from 
many audio-frequency currents of dif- 
terent amplitudes produced by the micro- 
phone at the transmitter. Consequently 
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the bandwidth required to transmit such 
an r-t signal with its many r-f frequencies 
is much wider than for either c-w or 
m-c-w transmission. In the broadcast 
band, a range of 10 Ke/s is allocated to 
each broadcasting station. This permits 
the transmission of sideband frequencies 
up to 5 Ke/s above and 5 Ke/s below 
the carrier frequency. The use of r-t 
must therefore be restricted to bands 
where a great deal of traffic must be 
passed and the number of channels in 
use must be kept to a maximum. 

9.5 The heterodyne principle. It was 
pointed out in the previous section that 
in order to produce an audible output 
from a c-w signal the receiver must 
modulate the signal. This is accomplished 
by employing the heterodyne principle. 
If two continuous waves of different fre- 
quencies are applied to the same circuit, 
the result is a new wave whose amplitude 
is modulated. The frequency of the 
modulation envelope is equal to the 
difference of the two frequencies which 
were mixed. This is called the heterodyne 
principle and is applicable at audio fre- 
quencies as well as radio frequencies. It 
may be demonstrated with sound waves 
as well as radio waves. For simplicity 
in explanation, consider a wave of 16 
cycles per second to be mixed with a 
wave of 20 cycles per second as shown in 
Fig. 9-5 (a) and (b). The resultant wave 
is the modulated one shown in Fig. 
9-5 (c). At the instants indicated by 
1, 3, 5, etc., the 16 and 20 c/s waves are 
in the same phase. The resultant wave, 
therefore, reaches its maximum ampli- 
tude which is equal to the sum of the 
amplitudes of the two original waves. At 
instants 2, 4, 6, etc., the waves are in 
anti-phase and tend to cancel each other. 
The resultant wave then falls to a mini- 
mum amplitude which equals the differ- 
ence of the amplitudes of the original 
waves. It may be seen from the diagram 
that the number of times the waves are in 
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Fic.9-5 Waveforms illustrating the heterodyne 
principle. 

phase in one second is equal to the differ- 
ence of their frequencies. Each com- 
plete cycle of amplitude. variations is 
called a beat. The number of beats pro- 
duced each second is called the beat 
frequency. The beat frequency therefore 
equals the difference between the fre- 
quencies of the two mixed signals. If a 
continuous wave is to be modulated at 
an audio-frequency rate, a second c-w, 
produced at the receiver and differing 
from the received signal by a few hun- 
dred or a few thousand cycles per second, 
is injected into the circuit prior to the 
detector. The modulation frequency and 
hence the tone of the audio output may 
be varied by adjusting the frequency of 
the injected signal. The circuit which 
produces this r-f signal is called the beat- 
frequency oscillator. A typical beat- 
frequency oscillator circuit that may be 
used with the simple t-r-f receiver of. 
Fig. 9-2 is shown in Fig. 9-6. It consists 
of a triode valve in a modified Hartley 
oscillator circuit. The tuned circuit 
L,C, is designed to produce oscillations 
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over the range of frequencies covered by 
the main tuning capacitor. The output 
of the b.f.o. is a continuous wave which 
is capacitively coupled by C, to the anode 
of the diode detector. Thus the diode is 
driven at two frequencies, that of the 
received signal and that of the b.f.o. 
The result is a modulated wave which is 
rectified and filtered by the detector 
circuit. The capacitor C2, is adjusted so 
that the output of the b.f.o. differs in 
frequency from the received signal by an 
amount equal to the audio frequency 
desired in the output. The b.f.o. may 
be tuned slightly above or slightly below 
the signal frequency. For example, 
if the signal frequency is 400 Ke/s and 
the desired audio-frequency note is 1000 
c/s, the b.f.o. may be tuned to produce 
an output of 401 Ke/s or 399 Ke/s. 
If the b.f.o. is tuned to produce the same 
frequency as the incoming signal, the 
received signal remains unmodulated and 
the result is referred to as zero beat or 
dead beat. This may be of use in elimi- 
nating an interfering signal. For example, 
suppose that the desired signal is at 270 
Ke/s and an interfering signal is at 
269.2 Ke/s. The latter is too close to 
the desired signal to be tuned out by 
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the tuner circuit. The b.f.o. may be 
adjusted to produce 269.2 Ke/s. The 
result is to produce zero beat with the 
unwanted signal and 800 c/s beat with 
the desired signal. 

The b.f.o. may also be used to elimi- 
nate an interfering signal by over-read- 
ing. In the example given above, the 
b.f.o. may be tuned to 270.8 Ke/s. The 
desired signal then produces an 800 c/s 
note while the interfering signal produces 
a 1,600 c/s note. Although both signals 
are heard, the one note is sufficiently 
different in pitch from the other that the 
undesired one can be over-read. 

9.6 Regenerative detection. Both the 
sensitivity and selectivity of a receiver 
may be increased by the use of a re- 
generative detector. A detector of this 
type is shown in Fig. 9-7. The circuit is 
essentially a grid-leak detector. It also 
resembles a tuned-grid oscillator in con- 
struction and operation. A tuned LC 
circuit is connected between grid and 
cathode of a triode valve. This circuit is 
coupled to the aerial and is tuned to the 
frequency of the signal to be received. 
Radio waves passing, the aerial set up 
oscillations in the tuned grid circuit as 
in an r-f amplifier. The r-f voltage de- 


9:8 


+H.T. 


(—_oA-f output 


salle 
© 
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controlled by anode-to-ground capacitor. 


veloped across the tuning capacitor is 
applied between grid and cathode of the 
valve. The alternating grid voltage 
causes an r-f component of current to 
flow from cathode to anode of the valve. 
This current flows through a tickler or 
feedback coil L, which is inductively 
coupled to the grid circuit. The tickler 
coil is wound in such a way as to increase 
the amplitude of oscillations in the grid 
circuit. In this respect the circuit is 
similar to an oscillator. It differs from 
an oscillator, however, in that the amount 
of feedback is not sufficient to maintain 
oscillation if the signal from the aerial 
is cut off. Since a regenerative circuit 
produces a relatively large oscillating 
current from a small aerial voltage, it 
has the effect of reducing the resistance 
of the input circuit. The Q of the circuit 
is therefore increased and go the selec- 
tivity is also increased. It is to be em- 
phasized that the frequency of the oscil- 
lations is determined by the aerial signal 
and that the amplitude rises and falls to 
follow the modulation envelope of the 
signal. The regeneration merely in- 
creases the degree to which the amplitude 
of the oscillations rises and falls. 
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Fia.9-9 Regenerative detector with feedback 
controlled by anode voltage. 


Detection takes place in this circuit as 
in the simpler grid-leak detector. The 
r-f component of current flowing through 
the valve is filtered from the output by 
the r-f choke Ls; and by-pass capacitor 
C.. The a-f output voltage is developed 
across the anode load resistor Re. 

In order to take advantage of the 
maximum selectivity and sensitivity 
available with the regenerative circuit 
in the reception of signals of various 
strengths, provision is usually made to 
vary the amount of regeneration. This 
is accomplished in the circuit of Fig. 9-7 
by the variable capacitor C2 which com- 
pletes the path for r-f current through 
the valve and Le. If the capacitance of 
Cz is small, its reactance is large and 
there is a high impedance to the flow of 
r-f current through I. Consequently 
the feedback is reduced and the ten- 
dency to produce self-oscillation is 
lessened. If Cy is made large, the r-f 
energy fed back from the anode to the 
grid circuit is increased and so the re- 
generation is increased. 

In using the regenerative detector for 
the reception of amplitude-modulated 
signals, the circuit must be prevented 
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Fia.9-10 Regenerative detector with feedback 
from anode to grid circuit controlled by screen 
voltage. 


from oscillating when no signal is re- 
ceived in the aerial. The regeneration 
is advanced to the point where self- 
oscillation begins and is then reduced 
slightly. Self-oscillation causes howling 
in the speaker or headphones as the 
frequency of oscillation is brought close 
to the frequency of the received signal. 
The heterodyning effect causes modula- 
tion of the signal at a frequency equal to 
the difference of the heterodyning fre- 
quencies. The modulation frequency be- 
comes the output signal of the detector. 
If this signal is in the a-f range it pro- 
duces the howling signal in the speaker 
characteristic of self-oscillation. 

Several methods of controlling the 
amount of regeneration are shown in 
Figs. 9-8, 9-9, 9-10 and 9-11. In the first 
of these, feedback is controlled by a 
variable capacitor C, connected between 
anode and ground. If the capacitance is 
increased, the r-f component of current 
through the valve is short-circuited to 
ground without passing through the feed- 
back coil. The regeneration is thereby 
reduced. 

In the circuit of Fig. 9-9 the amount of 
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Fia.9-11 Regenerative detector with feedback 
in grid-cathode circuit controlled by screen 
voltage. 


regeneration is varied by changing the 
anode voltage on the valve. If the anode 
voltage is increased by moving the vari- 
able tap of R, upward, the current through 
the valve increases and so the regenera- 
tion increases. 

A convenient method of controlling 
feedback with a pentode valve is pro- 
vided by varying the d-c potential on the 
screen grid. Two variations of this 
method are shown in Fig. 9-10 and Fig. 
9-11. In either case, an increase in 
screen potential causes an increase in the 
gain of the valve and produces more re- 
generation. Feedback in the circuit of 
Fig. 9-il is provided by the cathode 
circuit as in the case of a series-feed 
Hartley oscillator. A slight variation of 
these circuits is shown in Fig. 9-12 in 
which a tickler coil is placed in the screen 
circuit instead of the anode circuit. The 
functions of the various circuit com- 
ponents are the same as those described 
in the circuits employing triode valves. 

9.7 The autodyne. It is pointed out 
in the previous section that self-oscilla- 
tion must be avoided in the regenerative 
detector when receiving modulated sig- 
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Fia.9-12 Regenerative detector with feedback 
via the screen circuit. 


nals. This type of detector is, however, 
well suited to the reception of c-w signals 
but its mode of operation is somewhat 
different from that just described. In 
this case the grid circuit is detuned 
from the aerial signal frequency by a few 
hundred cycles per second and the re- 
generation control is advanced sufficiently 
to produce self-oscillation. The r-f signal 
from the aerial then mixes with the r-f 
oscillation produced by the oscillator to 
produce a modulated signal in the tuned 
grid circuit. This new signal is detected 
by the grid-leak detector. The output 
is an a-f signal whose frequency is equal 
to the difference between the aerial 
signal and the self-oscillation frequen- 
cies. The tone of the output may be 
altered by changing the oscillation fre- 
quency slightly. For example, if coded 
c-w signals are received at a frequency 
of 450 Ke/s, the circuit may be made to 
oscillate at 450.5 Ke/s in order to pro- 
duce an a-f signal of .5 Ke/s or 500 c/s. 
The slight mis-tuning of the grid circuit 
does not reduce the amplitude of the 
received signal substantially. The circuit 
when used in this manner for the recep- 
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tion of c-w signals is called an autodyne. 
The one-valve circuit performs the func- 
tions of an r-f amplifier, a beat-frequency 
oscillator and a detector. Any of the 
regenerative detectors described in the 
previous section may be used as an auto- 
dyne provided that the regeneration may 
be advanced sufficiently to produce self- 
oscillation. 

9.8 Super-regenerative detectors. The 
use of regeneration to increase the a-f 
output of a detector receiving a small 
r-f signal is described in the previous 
sections. Feedback in the circuit makes 
it possible for a small signal voltage to 
produce a larger r-f current than a 
similar non-regenerative circuit would 
produce. This is equivalent to reducing 
the effective resistance of the input 
circuit. The greater the regeneration the 
less the resistance of this circuit becomes 
and the more sensitive the receiver is to 
aerial signals. If the regeneration is 
advanced sufficiently the circuit breaks 
into oscillation. It then produces its own 
r-f current with no applied signal voltage 
and so the effective resistance of the 
input circuit is zero or even negative. 
The r-f oscillation generated by the 
circuit obscures the aerial signal except 
in special cases such as the autodyne 
circuit used for receiving c-w signals. 

The super-regenerative detector makes 
use of the fact that maximum sensitivity 
is obtained when the circuit is on the 
point of oscillation. Oscillation is per- 
mitted to take place but the degree to 
which it may proceed is controlled so 
that the self-oscillation signal does not 
obscure the aerial signal. Two types of 
super-regenerative detectors are described 
in the following paragraphs. The first 
type employs a separate valve circuit 
called a quench oscillator for controlling 
the ostillation in the detector circuit. 
The second type is arranged to control 
its oscillation by means of a squegging 
circuit. 
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Fiac.9-13 Super-regenerative receiver with a 
quench oscillator. 


A. Quench-Oscillator Receiver 


A super-regenerative receiver which 
contains a quench oscillator is shown in 
Fig. 9-13. The circuit containing V; 1s a 
regenerative grid-leak detector similar to 
that shown in Fig. 9-7. The regeneration 
control is adjusted so that when V2 is 
not operating and a steady value of 
H.T. is applied, the circuit of V; is on 
the point of oscillating. If the H.T. 
supply voltage is then increased, the 
regeneration increases and the circuit 
breaks into oscillation. If the H.T. supply 
voltage is reduced below the steady 
value, the oscillations are damped out. 

The quench oscillator V2 causes the 
supply voltage of V, to rise above and 
fall below the value required to cause 
oscillation. The circuit is a series-feed 
Hartley oscillator. It is made to operate 
at a frequency considerably above the 
audio range but far below the aerial 
signal frequency to which the detector is 
tuned. During the positive half cycle 
of oscillation in V2 the anode voltage 
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of V, is driven above its critical value by 
coupling through 7. This permits oscil- 
lation to build up in the circuit of V; at 
the frequency set by 7; and C;. During 
the negative half cycle of oscillation in 
V. the anode potential of V; falls below 
the critical value and the oscillations in — 
its grid circuit are damped out. Even 
when no signal is received in the aerial, 
oscillations are permitted to build up 
and die out in V; at the frequency of the 
quench oscillator. These oscillations, 
when detected, produce an output volt- 
age through C, at the frequency of the 
quench oscillator. This frequency is 
maintained above the audio range to 
prevent an audio signal from being de- 
veloped. The effect of the quench oscil- 
lator on the regenerative detector is 
illustrated by the waveforms of Fig. 
9-14. The quench oscillator output volt- 
age, oscillations in V; and output through 
C, when no aerial signal is received are 
shown in Fig. 9-10 (a), (b) and (ce) 
respectively. 

The effect of receiving an aerial signal 
modulated at an audio frequency is 
shown by the remaining waveforms of 
Fig. 9-14. In the absence of super- 
regeneration the a-f voltage output of V; 
follows the variations in the modulation 
envelope as shown in (d) and (e). With 
super-regeneration, as in (f), oscillations 
in the grid circuit of V; build up to a 
much greater amplitude during each 
positive half cycle of V2. The mean 
amplitude of the oscillations in V; pro- 
duced during one cycle of the quench 
oscillator is proportional to the instan- 
taneous amplitude of the received signal, 
Fig. 9-14 (b). This gives rise to a much 
larger component of a-f current from the 
detector, Fig. 9-14 (g), than would be 
obtained without super-regeneration. 
While a super-regenerative receiver has a 
high degree of sensitivity, its selectivity 
is no better than an ordinary regenera- 
tive receiver. 
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Fia.9-14 Voltage waveforms illustrating the 
operation of the quench oscillator and regenera- 
tive detector. 


B. Self-Quenching Receiver 


A simple super-regenerative detector 
of the self-quenching or squegging type 
is shown in Fig. 9-15. In this case, 
quenching is not performed by a separate 
oscillator but by intermittent blocking 
in the grid circuit. Sufficient feedback 


FUNDAMENTALS OF RADIO 


+H.T. 


LW Rs 


e 


If 
ere | 


Cs 
wis 


A-f output 


F1q.9-15 Self-quenching super-regenerative 
receiver. 


is provided by the tickler coil to make the 
circuit self-oscillating. In the absence 
of an aerial signal the circuit bursts into 
oscillation at the frequency to which the 
grid circuit is tuned. As the oscillation 
builds up rapidly, automatic bias is de- 
veloped by C2R, in the grid circuit. The 
grid is quickly driven so negative that 
the anode current is cut off. Oscillations 
cease and the circuit remains inoperative 
until C2 discharges through R, sufficiently 
to permit anode current to flow again. 
Another. burst of oscillation is then de- 
veloped. The circuit therefore continues 
to produce bursts of oscillation separated 
by periods of inactivity. This action is 
termed squegging. The squegging fre- 
quency is determined by the time con- 
stant of C. and R, and is set above the 
audio range. This ensures that no a-f 
tone is produced by the detector when 
no signal is received. 

When a signal is received in the ‘aerial 
at the frequency to which the grid circuit 
is tuned, the circuit begins to oscillate 
earlier and oscillates with greater ampli- 
tude during each burst. The mean ampli- 
tude of oscillations during each burst is 
proportional to the instantaneous ampli- 
tude of the signal received. These bursts 
of oscillation when detected produce an 
a-f component of current which follows 
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the modulation envelope of the signal. 
The amplitude of this a-f component of 
current is increased by the super- 
regenerative action of the circuit. Thus 
the sensitivity of the circuit is increased. 
The selectivity is no better than that of a 
regenerative receiver. In addition, a con- 
tinuous background noise is present in 
the receiver when no signal is received. 

A type of squegger used to receive c-w 
signals is arranged with the squegging 
frequency in the audio range. When a 
signal is received, the squegging fre- 
quency rises since the circuit bursts into 
oscillation more readily than when no 
signal is. received. Consequently the 
pitch of the a-f tone rises for the duration 
of the dot or dash in the signal. Such a 
circuit is known as a howling squegger. 

9.9 The superheterodyne principle. 
The two chief essentials of a good com- 
munications receiver are high selectivity 
and high sensitivity. 

The selectivity of a receiver depends 
mainly on the number of tuned circuits 
and the selectivity of each. The extent 
to which a circuit can differentiate be- 
tween signals depends not so much on 
their actual difference as on their per- 
centage difference in frequency. It is 
easier to design a circuit to separate 
signals of 99 and 100 Ke/s than it is to 
separate signals of 999 and 1000 Ke/s. 
In each case the difference is 1 Ke/s. 
In the former the percentage difference 
is 1% while in the latter the percentage 
difference is only 0.1%. Good selectivity 
is thus more easily attained at low fre- 
quencies. 

The sensitivity of a receiver depends 
upon the number of amplifiers used and 
on the gain of each amplifier. Interelec- 
trode and stray capacitances are effec- 
tively in parallel with the load of an r-f 
amplifier and thus limit its impedance 
to a relatively low value at high frequen- 
cies. Since the gain of an amplifier 
depends to a great extent upon the a-c 
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impedance of its load, it is difficult to 
design amplifiers to produce high gain 
at high radio frequencies. An r-f ampli- 
fier which can provide a gain of 200 at 
300 Kc/s may give a gain of only 10 at 
30 Mc/s. 

The superheterodyne receiver was de- 
veloped in an attempt to attain good 
selectivity and good sensitivity at high 
frequencies. It makes use of the hetero- 
dyne principle described previously to 
convert the signal from one of high 
frequency where the sensitivity and 
selectivity of the receiver are poor to one 
of lower frequency where the sensitivity 
and selectivity are good. The advantages 
of amplification before the audio detector 
stage are thus preserved while some of 
its shortcomings are eliminated. 

A block diagram of the superhetero- 
dyne receiver is shown in Fig. 9-16. The 
aerial, tuner, second detector, b.f.o., a-f 
voltage amplifier, a-f power amplifier 
and speaker serve precisely the same 
functions as in the t-r-f receiver pre- 
viously described. 

The r-f amplifier, besides providing 
some amplification, serves to reduce cer- 
tain types of interference peculiar to the 
superheterodyne receiver. Interference is 
discussed in a later section. The r-f 
amplifier may consist of one or more 
tuned stages which are ganged so that 
they may be tuned to the same frequency 
by one control. Pentode valves are 
generally used and the stages are well 
shielded and carefully laid out to prevent 
any possible parasitic oscillations. 

The local oscillator is a heterodyne unit 
which produces a c-w signal of constant 
amplitude. This signal is made to differ 
in frequency from the aerial signal by a 
fixed amount, usually about 460 Ke/s. 
The local oscillator output is combined 
with the r-f signal in a mixer circuit. 
The combined signal then consists of a 
wave which is modulated at 460 Ke/s 
in addition to the a-f modulation pro- 
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Fic.9-16 Block diagram of a superheterodyne receiver. 


duced at the transmitter. The new signal 
is detected by the first detector to pro- 
duce a carrier of frequency 460 Ke/s 
modulated at a-f. This signal is inter- 
mediate in frequency between the r-f 
carrier wave from the transmitter and 
the a-f output of the speaker. It is called 
the intermediate frequency or i-f. The 
tuning capacitor of the local oscillator is 
ganged with the tuning capacitor of the 
r-f amplifier so that they are always in 
tune to frequencies which are 460 Ke/s 
apart. The local oscillator is usually 
tuned to a higher frequency than the r-f 
amplifier. The following table shows how 
the local oscillator frequency is always 
kept 460 Ke/s above the r-f signal fre- 
quency so that the i-f remains constant. 


R-F Sania L.O. Sienau| I-F Signa 


500 Ke/s 960 Ke/s | 460 Ke/s 
600 1060 460 
790 1160 460 
800 1260 460 
900 1360 460 
1000 1460 


460 


Careful alignment of the tuned circuits 


in the r-f amplifier and local oscillator 
stages is required in order to maintain 
the i-f constant over a wide band of 
frequencies. 

The superheterodyne receiver derives 
its name from the fact that the inter- 
mediate frequency is in the supersonic 
range. The receiver was originally called 
the supersonic heterodyne receiver but is 
now called the superheterodyne receiver 
or simply the superhet. 

A more detailed picture of the opera- 
tion of the receiver is provided by the 
waveforms of Fig. 9-17. An r-f signal at 
900 Ke/s is received by a superhet hav- 
ing an i-f of 460 Ke/s and an a-f signal 
of 2 Ke/s is produced in the output. It 
should be noted that no attempt has 
been made to maintain the same scale of 
amplitude throughout the diagrams. The 
voltage gain of the receiver may be as 
high as a million but it is impracticable 
to show the initial and fina] voltages in 
such a proportion. For similar reasons, 
no attempt is made to maintain the 
same time units throughout the diagrams 
for to do this would require that 450 
complete cycles in diagrams (a), (b) and 
(c) be placed in the same horizontal 
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(9) 
Output of beat frequency oscillator 
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Resultant input to second detector 
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Output of a-f voltage amplifier (2 Ke/s) 


(k) 


Output of a-f power amplifier (2 Kc/s) 


() 


Fic.9-17 Input and output voltages for the superheterodyne receiver stages with c-w signals. 
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Fra.9-18 Input and output voltages for the superheterodyne receiver stages with m- 


c-w signals. 
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space as 230 cycles in diagrams (f), (g) 
and (h) and one cycle in diagrams (j), 
(k) and (1). Nevertheless, it is instructive 
to consider the operation of the set when 
receiving a signal at a specific frequency. 

Fig. 9-17 (a), (b) and (c) show the 
voltage waveforms of a c-w signal at 
900 Ke/s in the aerial circuit, the tuner 
and the r-f amplifier respectively. The 
output voltage of the local oscillator is 
shown in diagram (d). This signal is a 
e-w at 1360 Ke/s which is normally 
larger in amplitude than the r-f signal. 
These two signals are mixed together in 
the input circuit of the first detector. 
The resulting signal, shown in (e) is a 
continuous wave, modulated at 460 Kc/s 
which is the difference between the fre- 
quencies of the aerial and l.o. signals. 
The output voltage of the first detector 
is shown in (f). This is the intermediate- 
frequency signal, a c-w at a frequency of 
460 Ke/s. The i-f signal is amplified as 
shown in (g) and mixed with the b.f.o. 
output, shown in (h), at 462 Ke/s. The 
resultant waveform, shown in (i), is a 
e-w which is modulated at 2 Kc/s. The 
second detector produces the modulation 
envelope of this waveform as shown in 
(j). It is the audio-frequency signal at 
2 Ke/s. The a-f output is'amplified as 
shown in (k) and (1) and produces the 
audio tone in the headphones or loud- 
speaker. 

The waveforms of Fig. 9-18 are similar 
to those of Fig. 9-17 but show the opera- 
tion of the set during the reception of an 
m-c-w signal. In this case a more com- 
plex waveform is developed in the input 
circuit of the first detector. The mixed 
signal is modulated at both the inter- 
mediate and the audio frequencies. The 
i-f transformer is tuned to the inter- 
mediate frequency to retain the i-f signal. 

The superhet has certain definite ad- 
vantages over the t-r-f receiver. The 
design of the i-f amplifier (Fig. 9-19) is 
simplified because it operates always at 


Fic.9-19 I-f amplifier circuit. 


the same frequency regardless of the 
frequency of the r-f signal. For this 
reason the superhet is commonly used 
even at lower frequencies where other 
types of receivers give as good selec- 
tivity and sensitivity. Also, the b.f.o. 
may be preset to a fixed frequency which 
differs from the i-f by any desired audio 
frequency. Thereafter, tuning of the 
b.f.o. is not required unless it is desired 
to change the pitch of the audio tone. 
Of greater importance still is the high 
degree of selectivity attainable in the i-f 
amplifier circuits. This is achieved by 
transformer coupling between stages. 
Both primary and secondary circuits of 
the i-f transformers are tuned to the 
intermediate frequency. Hence a high 
gain is provided at the i-f while very 
little amplification is provided at neigh- 
bouring frequencies which are likely to 
cause interference in t-r-f receivers. The 
tuning of the i-f transformers is effected 
by varying the capacitance of the capaci- 
tors as shown in Fig. 9-19 or by altering 
the permeability of the cores in the coils. 
The band-pass of the receiver is also 
determined to a large extent by the i-f 
transformers. The coupling between the 
primary and secondary windings is fixed 
for optimum band-pass. It may be made 
extremely narrow for the reception of 
c-w signals under conditions of extreme 
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interference or very wide to permit the 
passing of sideband frequencies in the 
reception of high fidelity r-t signals. 
Some receivers are provided with several 
i-f circuits which may be switched into 
use for providing different band-pass 
characteristics. As in the case of the r-f 
amplifier, careful shielding and layout of 
component parts is necessary to prevent 
undesired oscillations from taking place. 

9.10 Frequency converter circuits. As 
previously stated the principle of the 
superheterodyne receiver is to reduce the 
frequency of the incoming carrier from 
r-f to i-f. The stage which performs this 
function is known as the frequency con- 
verter stage. It consists of the local 


oscillator and the first detector or mezer. - 


The general principle of the action is 
as follows. The input circuit of the first 
detector is tuned to the frequency of the 
incoming signal. The local oscillator is 
tuned to a frequency which differs from 
the r-f signal by the intermediate fre- 
quency. The two signals are mixed to- 
gether in the first detector and the result 
of this heterodyning is a wave modu- 
lated at the i-f as shown in Fig. 9-17 (e) 
and Fig. 9-18 (e). The non-linear charac- 
teristic of the first detector causes ampli- 
tude distortion. As a result, the anode 
current of the detector contains com- 
ponents at the sum and difference fre- 
quencies as well as at the two input 
frequencies and harmonics of all of these. 
Since the difference frequency is the fre- 
quency required, the anode load of the 
detector is tuned to this frequency which 
is the i-f. Thus a large output at the i-f 
is obtained while all other. frequency 
components are effectively suppressed. 

If the incoming signal is modulated 
(Fig. 9-18) each of the sideband fre- 
quencies is reduced along with the carrier 
frequency. Therefore the i-f has the 
same sidebands as the r-f and hence 
carries the same modulation. 

In the design of frequency converters 
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it is necessary: 

(i) to maintain a constant frequency 
difference between oscillator and in- 
put circuits across the entire band 

(ii) to minimize variations in oscillator 

frequency with variations in supply 
voltage, bias, valve electrode spac- 
ings, etc., any of which may cause 
frequency drift 

to maintain a constant output volt- 
age from the oscillator across the 
entire band 

to keep radiation from the oscilla- 
tor to a minimum in order to prevent 
interference in nearby receivers 

(v) to isolate the input and oscillator 
circuits to avoid the effect of locking 
or pulling whereby the oscillator 
becomes synchronized with the in- 
coming signals 

to maintain the output as free as 
possible from harmonics which might 
cause interference. 

Three main types of frequency con- 

verter systems have been devised using 
special methods and valves. 


(iii) 


(iv) 


(vi) 


A. Oscillator-Detector Type 


In this type of circuit, a separate valve 
oscillator feeds into a conventional de- 
tector. The oscillator may be of any 
type although tuned-grid oscillators and 
Hartley oscillators are most commonly 
used. The detector is usually a pentode 
acting as an anode-bend detector; at 
higher frequencies diode and crystal de- 
tectors are used. The oscillator may be 
coupled to the detector in any convenient 
way, provided that the voltage ‘intro- 
duced is approximately constant. Mutual 
inductive coupling in the cathode circuit 
or capacitive coupling to the control or 
screen grids of the detector are the most 
common. In the oscillator-detector cir- 
cuit of Fig. 9-20, a Hartley oscillator V2 
is capacitively coupled by C3; to the 
screen grid of the detector V;. The r-f 
signal is applied to the control grid of 
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Fic.9-20 Oscillator-detector circuit. 


V, and mixing occurs in this valve. The 
anode circuit is tuned to the i-f and is 
transformer coupled to the next stage. 
Capacitors C,; and C2 are ganged and 
designed so that the frequencies to which 
L,C, and LC, are respectively tuned, 
always differ by the i-f over the tuning 
range. , is present to prevent the 
oscillator signal from being grounded by 
C;. Re and C, provide bias for V; causing 
it to operate as an anode-bend detector. 
This type of circuit is quite sensitive 
to coupling between the input circuit 
and the oscillator circuit. At high fre- 
quencies where there is only a small 
percentage difference between the two 
frequencies, a strong signal may cause 
the oscillator to synchronize with the r-f 
so that the proper i-f is not produced. 
Also the possibility of radiation from the 
oscillator is somewhat greater in this type 
than in the other types of converters. 
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Fia.9-21 Pentagrid converter, triode-tetrode 
type. 


B. Converter-Valve Type 


The functions of oscillator and de- 
tector are performed by the same valve 
in the circuit shown in Fig. 9-21. The 
valve is specially designed for this pur- 
pose and contains five grids. It is called 
a pentagrid valve. The cathode and the 
first two grids perform the functions of 
cathode, grid and anode in a tuned-grid 
oscillator circuit. The frequency is de- 
termined by C, and the primary winding 
of JT, The secondary winding of 7, 
provides the feedback to maintain oscil- 
lation. Automatic bias is provided by 
C3and Re. R3 and C; are the anode load 
resistor and blocking capacitor of the 
oscillator. The electron stream through 
the second grid varies at the frequency of 
this tuned grid or local oscillator. 

The r-f signal from the preceding cir- 
cuit is applied through 7; to the fourth 
grid of the valve. This causes the elec- 
tron stream to vary at the r-f. In effect 
then, the electron stream reaching the 
anode is modulated at the i-f by the 
heterodyning action of the two circuits. 
The valve is biased so that detection 
takes place and the i-f component of 
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F1c.9-22 Pentagrid converter, triode-pentode 
type. 
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current develops the intermediate-fre- 
quency voltage across the primary wind- 
ing of 73. The third grid serves as a 
shield between the oscillator and detector 
circuits. The fifth grid serves as a screen 
between the signal grid and the anode, 
giving to the valve the characteristics 
of a tetrode. Ry, and Cs maintain the 
screen grids at a steady d-c potential. 
This connection of the pentagrid valve is 
referred to as the triode-tetrode connection. 

A somewhat different connection of the 
pentagrid converter is shown in the 
circuit of Fig. 9-22. The cathode, first 
and second grids make up the oscillator 
section as before. In addition the second 
grid acts as the shield between the oscil- 
lator and detector circuits. This requires 
a modified type of oscillator in which the 
anode operates at r-f ground potential. 
In this circuit a modified Hartley oscil- 
lator is used. The third grid is used as 
the r-f signal grid while the other two 
grids serve as screen and suppressor. The 
detector therefore has the characteristics 
of a pentode. This connection of the 
pentagrid valve is known as the triode- 
pentode connection. The sensitivity of 
this circuit is good at low and medium 
radio frequencies. At high frequencies 
however, the sensitivity falls off and 
coupling between the two sections causes 
difficulty in stabilizing the oscillator out- 
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Fra.9-23 Oscillator-mixer with a triode-hexode. 


put frequency and voltage. For these 
reasons, the converter valve circuit is 
confined to use at medium radio fre- 
quencies and the following type is used 
at high frequencies. 


C. Oscillator-Mixer Type 


The oscillator-mixer type of frequency 
converter employs a multi-element valve 
called a triode-hexode. It is shown in the 
circuit of Fig. 9-23. The triode oscillator 
section is in the same envelope as the 
detector section but is quite separate 
from it. Coupling between the two sec- 
tions due to a common electron stream 
is not present in this circuit. The oscil- 
lator is of the conventional tuned-grid 
type. The output from the grid of the 
triode section is applied to the first grid 
of the hexode. The electron stream is 
therefore varied at the two frequencies 
producing a modulated signal. Grids two 
and four serve as screens between the 
two signal grids in front of the anode. 
The hexode operates as a detector as well 
as a mixer and the i-f component of 
current develops the i-f signal in the 
anode circuit. 


The sensitivity of the triode-hexode is _ 


slightly less than that of the oscillator- 
mixer type, but the circuit can be used 
satisfactorily on higher frequency bands. 
The noise level is low due to the reduced 
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coupling between the oscillator and the 
signal grids. The circuit is very useful 
in receivers lacking an r-f stage as there 
is little radiation from the oscillator 
through the aerial circuit. 

Generally the local oscillator is de- 
signed to operate at a higher frequency 
than the signal frequency. The reason 
for this may be seen by considering a 
broadcast receiver with an i-f of 460 
Ke/s, operating from 550 Ke/s to 1700 
Ke/s. If the oscillator operates above 
the signal frequency, it must tune from 
1010 Ke/s to 2160 Ke/s. If it is operated 
below the signal frequency it would have 
to tune from 90 Ke/s to 1240 Ke/s. In 
the former case, the upper frequency 
limit of the local oscillator is only twice 
the lower frequency limit. In the latter 
case the upper limit is about 14 times 
the lower limit. Since the upper fre- 
quency limit of the broadcast band is 
only about three times the lower limit, 
it is easier to design an oscillator to track 
with an r-f amplifier when the l.o. operates 
above the signal frequency. 

9.11 Alignment of the superhetero- 
dyne receiver. For optimum operation 
of the superheterodyne, the i-f ampli- 
fiers must be tuned accurately to the 1-f. 
The local oscillator must be tracked with 
the first detector so that all the way 
across the band the two differ in fre- 
quency by the i-f. Finally, the r-f ampli- 
fiers and first detector must be tracked 
so that they are always tuned to the 
same frequency. The process of making 
the above adjustments is called the 
alignment of the receiver. 

The procedure may be divided into 
two sections: 

(i) the i-f alignment 

(ii) the r-f and oscillator alignment. 
The equipment necessary is a calibrated 
signal generator and some means of mea- 
suring the output of the receiver. A 
tuning indicator on the receiver will 
serve the latter purpose or, if a modulated 
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signal generator is used, an output meter, 
oscilloscope or vacuum-tube voltmeter 
across the load of the a-f power amplifier. 
If these latter are not available, the out- 
put may be roughly estimated by ear. 
While the alignment procedure outlined 
in the following paragraphs is applicable 
to most broadcast receivers, communi- 
cations receivers should be aligned in 
accordance with the manufacturers’ 
instructions. 


A. I-F Alignment 


The ground lead of the signal generator 
is connected to the chassis and the r-f 
off-ground lead is connected to the grid 
of the last i-f amplifier. The signal 
generator is adjusted to the desired i-f. 
The tuning of the i-f coupling trans- 
former between this amplifier and the 
second detector is now adjusted for 
maximum output. The secondary is 
adjusted first and then the primary. Re- 
adjustment of both circuits should be 
made after the preliminary adjustment 
is completed. The off-ground lead of 
the generator is now removed from the 
last i-f amplifier and connected to the 
grid of the preceding i-f amplifier. The 
i-f coupling transformer between the 
last two i-f amplifiers is then tuned for 
maximum output as before. In this 
manner all the i-f transformers are aligned 
working back from the second detector 
to the first. As the amplifiers are brought 
into tune it is necessary to reduce the 
output of the signal generator to prevent 
overloading and inaccurate readings. If 
the tuning indicator is used as an output 
meter, a.v.c. must be switched on; if an 
audio output method is used the a.v.c. 
should be turned off. In each case the 
b.f.o. should be turned off. 


B. R-F Alignment 


The main tuning control should be set 
at the high-frequency end of the dial 
for the range in use. The signal generator 
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Frq.9-24 I-f amplifier with manual volume 
control in the cathode circuit. 


is connected to the aerial input through a 
dummy aerial and adjusted to the correct 
frequency. The oscillator tuning is now 
adjusted by means of the trimmer capaci- 
tors for maximum output. Next, the 
trimmer capacitors on the first detector 
and r-f amplifiers are adjusted in the 
order mentioned for maximum output. 
The tuning dial and signal generator are 
reset to the bottom end of the dial and 
the procedure repeated. If the coils have 
variable cores or padder capacitors, the 
tuning adjustments at the low end of 
the band should be made by means of 
these rather than by the trimmer capa- 
citors. 

The above procedure must be repeated 
several times until the alignment of all 
circuits is the best that can be obtained 
throughout the whole tuning range. It 
is seldom perfect over the entire band. 
However, the variation in gain caused by 
slight mistuning at any point in the 
band is usually negligible. If the major 
portion of the reception is to be done at 
some small part of the band it may be 
advantageous to align the receiver ac- 
curately at that part of the band and 
permit slight mistuning in regions that 
are seldom used. 


9.12 Manual volume control. The 
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Fic.9-25 An e,—iy curve illustrating variable- 
mu operation. 


power output of a receiver may be con- 
trolled either manually or automatically. 
Manual control is usually effected by 
changing the gain of one or more stages 
of the i-f or r-f amplifiers. Several varia- 
tions of this method are described in the 
following paragraphs. 

An i-f amplifier with manual volume 
control is shown in Fig. 9-24. The 
volume control is a rheostat in the 
cathode circuit of the valve. It is used to 
change the bias on the stage. The valve 
is a variable-mu pentode. When the 
resistance of R: is a minimum, the bias 
on the valve is small and the operating 
point is well up on the mutual charac- 
teristic curve. This is shown as point X — 
in Fig. 9-25. At this point the mutual 
conductance of the valve is large. A 
small change in grid voltage causes a 
relatively large change in anode current 
and so the gain of the stage is high. If 
the resistance of the cathode circuit is 
increased, the bias becomes greater. The 
operating point shifts to a lower part of 
the characteristic curve shown as point 
Y. In this case input B, which has the - 
same amplitude of grid voltage varia- 
tions as input A, produces a much 
smaller change of ancde current. The 
gain of the stage 1s reduced correspond- 
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Fia.9-26 I-f amplifier with manual volume 
control in the cathode circuit. 


ingly. The resistor R, in series with the 
gain control ensures that the bias is 
never reduced to zero. A volume con- 
trol which operates in the r-f or i-f ampli- 
fier is usually labelled R-F Gain. 

A variation of the above method of 
gain control is shown in the circuit of 
Fig. 9-26. The lower end of the cathode 
circuit is returned to the volume control 
R. which is part of a voltage divider 
across the H.T. supply voltage. If the 
sliding contact is moved up, the positive 
potential on the cathode is increased. 


+H.T. 


Fic.9-27 I-f amplifier with manual volume 
control in the screen circuit. 
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Since the grid is returned to ground for 
d-c, the bias is increased. This results 
in less amplification as explained for the 
previous circuit. 

The volume contro] may also operate 
in the screen circuit of a pentode valve 
as shown in Fig. 9-27. If the sliding 
contact of the control is moved up, the 
screen potential is increased. This causes 
the slope of the mutual characteristic to 
increase and hence the amplification to 
increase. The effect of the gain control 
is illustrated in Fig. 9-28 in which the 
same input voltage is applied to the 
circuit with different values of screen 
voltage. When the screen potential is 
high the mutual characteristic curve, 
illustrated by A, is steep. The variations 
in anode current and hence the gain of 
the stage is high. When the screen poten- 
tial is reduced the mutual characteristic 
curve becomes flatter as indicated by B. 
The gain of the stage is correspondingly 
reduced. 

A similar type of control may be ob- 
tained by varying the anode potential 
on the valve as shown in Fig. 9-29. When 
the anode supply voltage is increased, 
the mutual conductance of the valve 
becomes greater and so the gain becomes 
larger. 


Screen potential A . 
Dynamic ¢.—t» Ba / \ Output A 


Screen 
potential B. 


F1a.9-28 e,—%, curve illustrating screen volt- 
age gain control. 
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Frq.9-29 I-f amplifier with manual volume 
control in the anode circuit. 
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Fie.9-30 A-f amplifier with manual volume 
control in the grid circuit. 


Input ae t 


Fia,9-31 e,—% curve illustrating manual 
volume control in the grid circuit. 
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Manual control of the volume may also 
be obtained by using a potentiometer to 
vary the magnitude of the input signal 
to one stage. This is commonly used in 
a-f amplifiers and the control is labelled 
A-F Gain. A typical circuit is shown 
in Fig. 9-30. The a-f input signal is 
applied across C' and F in series, most of 
the voltage appearing across R. When 
the sliding contact is at the top, all of 
the voltage across & is applied between 
grid and cathode of the valve and the 
volume is a maximum. This is illustrated 
by input A and output A in Fig. 9-31. 
As the sliding contact is moved down, 
the input voltage to the grid of the valve 
is reduced and so the output is also re- 
duced. This is indicated by input and 
output B in Fig. 9-31. 

Potentiometers used as volume con- 
trols are often constructed to have a 
logarithmic taper to compensate for the 
logarithmic response of the human ear 
to sound intensity. Consider the poten- 
tiometer shown in Fig. 9-32 in which the 
resistance in the first half of the rotation 
from A to B is 50 KQ and in the second 
half of the rotation from B to C is 
450 KQ. The resistance and hence the 
voltage input to the following amplifier 
is 10 times as great at setting C as it is at 
setting B. Therefore the power output 
from the amplifier at setting C is 100 
times as great as at setting B. The © 
logarithm of the power ratio is therefore 
2, which means that the output at setting 


Fig.9-32 Potentiometer with a logarithmic 
taper (a) Plan view (b) Circuit diagram. 
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C sounds twice as loud to the human ear 
as the output at setting B. The ap- 
parent loudness therefore increases in 
proportion to the angle of rotation of the 
volume control. 


9.13 Automatic volume control. Auto- 
matic volume control in a receiver is a 
method whereby the total amplification 
of the receiver is automatically reduced 
during the reception of a strong signal 
and increased during the reception of a 
weak signal. There are two reasons why 
a.v.c. is desirable: 

(i) to obtain substantially the same a-f 
output from the receiver when the 
signal is fading 

(ii) to prevent unpleasant blasts which 
might damage the receiver when tun- 
ing through stations of widely vary- 
ing signal strengths. 

Automatic volume control is achieved 
by applying an a.v.c. voltage to the grid 
of one or more variable-mu valves used 
as r-f or i-f amplifiers. The a.v.c. voltage 
is a negative d-c voltage which is pro- 
portional to the carrier strength of the 
received signal. It is applied as addi- 
tional bias to reduce the gain of the 
amplifiers as the carrier strength in- 
creases. 


A. Types of A.V.C. 


1. Srwpze A.V.C. 


The simplest method of obtaining a.v.c. 
is to add a low-pass filter circuit consist- 
ing of a resistor and capacitor to the 
ordinary diode detector circuit as in Fig. 
9-33. The negative d-c voltage obtained 
from this filter is then used for bias on 
the stages to be controlled, for example, 
the r-f amplifiers in the receiver. 

The circuit is a conventional series 
diode detector in which R, is the load 
resistor and C, is the r-f by-pass capaci- 
tor. Across this load is developed an a-f 
voltage which is the output of the de- 
tector and a d-c voltage of polarity 
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Fic.9-33 Diode detector with simple a.v.c. 


indicated in the diagram. If the input 
signal has a large amplitude this d-c 
voltage is large; if the signal is small this 
d-c voltage is small. As shown in Fig. 
9-25 the stage gain of an amplifier using 
a variable-mu valve depends upon the 
bias. A strong signal produces a large 
negative bias which reduces the gain of 
the amplifier. A weak signal produces 
less bias causing the gain of the ampli- 
fier to increase. In this way the output 
of the receiver is held nearly constant 
over a wide range of signal strength. 

If the low-pass filter R.C2 is omitted 
(Fig. 9-33) the a-f voltage across R, is 
fed back to the grids of the controlled 
amplifiers in addition to the d-c voltage. 
This means that the trough of the modu- 
lated signal is amplified more than the 
peak with a resultant smoothing of the 
modulation envelope. This effect is 
sometimes encountered in receivers when 
the a.v.c. filter capacitors have become 
open circuits. The time constant of 
R2C, is usually of the order of one-half to 
one-twentieth of a second. This permits 
the a.v.c. to shift bias several times per 
second to compensate for fading. On 
the other hand, the time constant is long 
enough to prevent the bias from shifting 
with sufficient rapidity to remove even 
low-frequency modulation from the r-f 
signal. 

2. Dewayep A.V.C. 

A.v.c. circuits may be designed so that 
no a.v.c. bias is applied until the signal 
strength reaches a pre-determined value. 
These circuits are called delayed a.v.c. 
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F1c.9-34 Diode detector with delayed a.v.c. 


(d.a.v.c.) circuits; the delay refers to 
voltage and not to time. 

There are several advantages of d.a.v.c. 
over simple a.v.c. The sensitivity of the 
receiver is always greater for d.a.v.c. 
than for simple a.v.c. This is especially 
the case for small signals where d.a.v.c. 
approaches no-control conditions. By 
the use of a separate detector, d.a.v.c. 
may be arranged to provide a fairly large 
control voltage. Since it does not appre- 
ciably load the detector, distortion effects 
are very small. To reduce the loading 
effect further the signal for the d.a.v.c. 
detector may be taken from the primary 
of the i-f coupling transformer. A typical 
circuit is shown in Fig. 9-34 in which 
separate diode detectors are used to ob- 
tain the a-f signal and the d.a.v.c.voltage. 

D, is the usual type of series-diode 
detector providing an a-f. output across 
its load resistor R3. De». is the d.a.v.c. 
detector. The negative delay voltage 
applied to the anode circuit of D2 pre- 
vents the diode from conducting unless 
the peak input voltage exceeds the delay 
voltage. For weak signals D. does not 
conduct and thus no bias voltage is de- 
veloped across R,. For stronger signals, 
however, the circuit behaves as a parallel 
diode detector, developing a d-c voltage 
across A; with polarity as shown. This 
is the control bias and is fed back -to the 
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Fic.9-35 Detector and a-f amplifier with de- 
layed a.v.c. 


controlled amplifiers as in simple a.v.c. 
R2C2 is the low-pass filter which prevents 
a-f control. 

Fig. 9-35 illustrates a practical method 
of producing d.a.v.c. in conjunction with 
the a-f detector and voltage amplifier. 
The output of the a-f detector D, is 
coupled through C, to the triode ampli- 
fier. The voltage in the primary of the 
i-f transformer is coupled through C, to 
D2, the d.a.v.c. detector. The delay 
voltage is the bias voltage developed 
across the cathode resistor R; of the 
triode. If the potential of the anode of 
Dz becomes more positive than the 
cathode potential, D. conducts and an 
a.v.c. output is developed across Ri. 

3. AMPLIFIED A.V.C. 

The a.v.c. control may be made more 
effective by producing a larger controlling 
voltage than can be obtained in the 
circuits discussed previously. 

A separate a.v.c. channel may be used 
consisting of one or more amplifiers, in 
parallel with the signal channel. In Fig. 
9-36, the signal is applied through C, to a 
single a.v.c. amplifier V;. This amplifier 
has greater gain under all conditions than 
the signal amplifiers since there is no 
a.v.c. bias applied to it. Its output is 
coupled through C2 to the anode of the 
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Fig.9-36 Amplified d.a.v.c. circuit using 
separate i-f channels. 


diode section. The delay voltage is 
developed across the cathode resistor Ry. 
When the diode section conducts, the 
negative control voltage across R, is 
applied through the filter circuit R3C; 
to the grids of V2 and V3. Since the con- 
trol voltage is amplified, there is greater 
control of the i-f amplifiers V2 and V3. 
_ However, since the control voltage is 
taken from an earlier stage than in 
simple a.v.c. the selectivity is often in- 
ferior and the a.v.c. operates farther 
from the carrier frequency. 

The control amplifier may be situated 
after the main i-f amplifier if a common 
i-f channel is used. Fig. 9-37 shows this 


A.v.c-controlled valves 


Ry 
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Fia.9-38 Series feed of a.v.c. voltage. 


Fic.9-37 Amplified d.a.v.c. circuit using 
common i-f channel. 


control amplifier V; whose input is ob- 
tained from the last stage V2 of the i-f 
amplifiers. The output from the control 
amplifier feeds the a.v.c. rectifier while 
the main amplifier feeds the signal de- 
tector. 
B. Methods of Feed 

Either series or parallel feeding of the 
a.v.c. voltage to the controlled amplifiers 
may be used. These are illustrated 
respectively in Figs. 9-38 and 9-39. 
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Fic.9-39 Parallel feed of a.v.c. voltage. 
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F1a.9-40 Simple a.v.c. circuit with parallel feed. 


In the series-feed circuit (Fig. 9-38) the 
decoupling circuits RiC,, ReC2 and R3C; 
prevent a-f modulation of the a.v.c. and 
prevent coupling between various stages 
using the a.v.c. bias. Cy, C. and C3 com- 
plete the r-f tuned circuits and allow the 
rotor plates of the tuning capacitors to 
be gro. aded. In the parallel-feed circuit 
of Fig. 9-39, capacitors C,, C, and C3 are 
necessary to prevent shorting of the a.v.c. 
voltage to earth through the tuned cir- 
cuit. Resistors Ri, R, and R; prevent 


lst r-f amplifier Converter 


1st 1-f amplifier 


grounding of the signal voltage through 
the a.v.c. filter. 


C. Typical Circurts 


Figs. 9-40 and 9-41 illustrate two cir- 
cuits, the first using simple a.v.c. with 
parallel feed and the second using d.a.v.c. 
with series feed. Series feed is usually 
employed in the i-f stage since the damp- 
ing effect produced by parallel feed is 
more objectionable in the i1-f stages where 
selectivity is high. 


Detector 
2nd 2-f amplifier 


A-f 
output 


Fre.9-41 A d.a.v.c. circuit with series feed. 
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Fie.9-42 A.v.c. characteristics. 
D. A.V.C. Characteristics 


Fig. 9-42 illustrates the relationship 
between the output and the input of a 
receiver under various types of a.v.c. 
control. The scale of power output in 
watts represents the output which would 
be obtained with the manual volume 
control at a maximum and 30% modula- 
tion, provided no over-loading occurred 
in the audio amplifier. It may be noted 
that when small signals are received, the 
output of the receiver is greater with 
a.v.c. than without. When large signals 
are received, the output of the receiver 
is, of course, reduced by the use of 
a.v.c. Hence the curves representing 
a.v.c. control cross over the curve re- 
presenting no control near the low output 
end of the graph. This may be accounted 
for by the fact that a receiver with no 
a.v.c. must have a fairly large steady 
bias on the i-f and r-f amplifier stages in 
order to handle large signals as well as 
weak ones without distortion. Receivers 
using a.v.c. may use a smaller steady 
bias giving greater amplification of weak 
signals, since the extra bias necessary for 
strong signals is automatically supplied. 


9.14 Tuning indicators. Tuning indi- 
cators are used to ensure that the receiver 
is accurately tuned to the signal 
frequency. They may also be used to 
give a measure of the relative strengths 
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Fia.9-43 Electron-ray tuning-indicator valve. 


of received signals. There are two types 
of indicators in general use, the electron- 
ray type (magic eye) and the output or 
S meter. Fig. 9-43 shows a typical magic 
eye. Its construction and operation are 
described in detail in Chapter I. It con- 
sists of two parts, a triode amplifier and 
an electron-ray indicator, both using the 
same cathode. The anode or target of 
the indicator section is a fluorescent 
screen kept at a positive potential. 
Electrons emitted by the cathode are 
attracted to the target by the positive 
voltage. The fluorescent screen glows 
where it is struck by electrons. The 
control electrode, which is mounted 
between the cathode and target is con- 
nected to the anode of the triode section 
from which it receives its potential. 
When the control electrode is less positive 
than the target it repels electrons from 
that sector to produce a shadow on the 
target behind it. The size of this shadow 
increases as the potential difference 
between the target and control electrode 
increases. 

The valve is operated by a negative 
a.v.c. voltage applied to its grid (Fig. 
9-44). With no input voltage a current 
flows through the triode section. This 
current develops a p.d. across R, which 
reduces the potential of the control 
electrode below that of the target. This 
produces a shadow of approximately 90° 
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Fia.9-44 Tuning-indicator valve circuit. 


on the screen. When a signal is correctly 
tuned in by the receiver, the a.v.c. 
voltage is at a maximum so that the 
current through the triode section is 
reduced and the anode voltage rises. 
The potential of the control electrode 
therefore rises and reduces the size of 
the shadow sector. This causes the eye 
to close. For accurate tuning over a 
large range of signal strengths, a potentio- 
meter may be used in the grid circuit of 
the triode section. When a strong signal 
is being received, the potentiometer is set 
to reduce the a.v.c. input voltage to the 
tuning indicator. In this way the a.v.c. 
voltage is prevented from cutting off the 
current through the valve and the sen- 
sitivity of the tuning indicator is 
maintained. 

A simple S meter circuit consists of a 
milliammeter in the anode circuit of an 
a.v.c. controlled valve. When the signal 
is properly tuned in, the bias is a maxi- 
mum and the anode current drops. 
Unfortunately this type of meter reads 
backwards, a maximum signal causing a 
minimum reading on the meter. 

Fig. 9-45 shows the circuit diagram of 
a forward-reading type of S meter. The 
positive terminal of the milliammeter is 
connected at A in the anode circuit of an 
amplifier to which a.v.c. is applied. The 
negative terminal of the meter is con- 
nected at B, a point of positive potential 
in the voltage divider across the H.T. 
supply. With no input signal, R, is 
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adjusted so that the potential of point 


A is equal to that of point B. Thus the 
meter reading is zero. When a signal is 
tuned in, the a.v.c. causes the bias on 
the valve to increase and the anode cur- 
rent to decrease. This causes the 
potential of point A to rise and a current 
flows through the meter. The larger the 
signal, the greater this current becomes 
and therefore the greater the readiag on 
the meter becomes. 

9.15 Tone control. The tone control 
in an audio amplifier is designed to make 
the reproduced signal more intelligible or 
more pleasant to the ear. This may 
require the reduction in amplitude of 
some frequencies in the a-f signal and the 
boosting of others. In public address 
equipment, attenuation of the lower 
speech frequencies is provided to reduce 
the boom and echo which are so 
pronounced in a ship. Accentuating or 
boosting the higher speech frequencies 
is sometimes provided to emphasize the 
consonants and so improve the intelligi- 
bility of the speech. These relatively 
weak tones are otherwise lost because of 
the poor acoustic conditions existing in a 
ship. In receivers, the frequency response 
of a-f amplifiers is usually better than 
that required for the. reception of speech. 
Because of this fact, the very high audio 
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Fic.9-45 Circuit fora forward-reading S meter. 
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Fic.9-46 A-f amplifier with capacitor tone 
control. 


frequencies may be attenuated to reduce 
static, while the lower ones may be 
eliminated to improve intelligibility. 

High-frequency attenuation or bass 
boosting may be accomplished by the 
insertion of one or more capacitors across 
the output of an a-f amplifier. In Fig. 
9-46, four different tone effects are 
obtained with the three capacitors and 
the four-position switch. With the 
switch in position 1, there is no tone 
compensation. In position 2, the react- 
ance of the capacitor to low audio- 
frequency currents is so high in compari- 
son with the load, that there is negligible 
by-passing of these components. At high 
audio frequencies, the reactance of the 
capacitor is small enough in comparison 
with the load that more of the current at 
these frequencies is by-passed to ground 
than is applied to the load. In position 3, 
still more of the high-frequency com- 
ponents are attenuated by the larger 
capacitor than in position 2. In position 
4, an even larger proportion of currents 
in the upper frequency register are 
attenuated. 

Another common tone control circuit 
which provides bass boosting is shown 
in Fig. 9-47. A rheostat R, and capacitor 
C; are connected in series from the anode 
of the power amplifier to ground. The 
rheostat permits a smooth variation in 
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Fig.9-47 A-f amplifier with capacitor-rheostat 
tone control. 


the tone of the audio output from the 
speaker. The entire resistance of R, is 
large in comparison with the reactance 
of C, to a-f currents. When R, is set to 
include all its resistance in the circuit, 
the total impedance of R,; and C;, is so 
large that the by-passing effect is almost 
negligible. Hence all the components of 
a-f current are passed to the speaker. 
This is the treble position of the tone 
control. When the resistance of R, is 
reduced to zero, C; provides a_ low- 
impedance path to ground for high- 
frequency components of current. The 
low-frequency sounds then predominate 
in the speaker and the bass boosting is 
a maximum. 

If it is desired to boost the treble 


-sounds from the speaker, the low- 


frequency components of the signal are 
attenuated. This is done by making use 
of a grid coupling capacitor whose re- 
actance is large in comparison with the 
resistance of the grid-leak resistor at the 
frequencies to be attenuated. In that 
case a large percentage of the signal 
voltage appears across the coupling 
capacitor and is not applied to the grid 
of the valve. For example, with a grid- 
leak resistor of 0.5 megohms and a 
coupling capacitor of .002 microfarads, 
a-f components below 400 c/s are ef- 
fectively attenuated. 


9:32 


9.16 Interference, The word inter- 
ference is used in a broad sense to refer 
to the masking of the receiver output by 
undesired signals and also by electrical 
disturbances from sources other than 
radio equipment. Interference between 
signals is described in the following para- 
graphs and the subject of noise is dis- 
cussed in a subsequent section. 

Much of the interference between sig- 
nals arises from the heterodyne process 
so that the superhet receiver is the worst 
offender in this respect. However, this 
type of receiver has so many other ad- 
vantages that it still remains the most 
useful receiver developed up to the 
present. 


A. Types of Interference 


1. ADJACENT-CHANNEL INTERFERENCE. 

Interference between transmitters on 
neighbouring frequency channels is by 
far the most common and therefore the 
most important type of interference be- 
tween signals. The obvious remedy is to 
obtain a highly selective receiver. The 
superheterodyne by the use of a low i-f 
has largely overcome this difficulty. 

2. 10 Kc/s WHISTLE. 

Transmitting stations in the broadcast 
band are allocated carrier frequencies at 
10 Ke/s intervals. If two signals on 
neighbouring frequencies reach the audio 
detector with sufficient power, their 
carrier waves will beat to produce a 
10 Ke/s note. This is best remedied by 
improving the selectivity of the set or 
by introducing a filter to remove the 
objectionable 10 Ke/s note. In the case 
of c-w transmitters the frequency channels 
may be much closer together and the 
audio note of correspondingly lower 
pitch. The selectivity of communica- 
tions receivers must be much greater 
than that of broadcast receivers. 

3. Cross Mopu.ation. 

The modulation of strong signals may 

be superimposed on the modulation of 
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the desired carrier because of distortion 
in an r-f amplifier so that both signals 
are heard in the output. In the case of 
superhet receivers, a strong station may 
cause the oscillator output to be modu- 
lated so that an unwanted signal is 
present in the i-f modulation in addition 
to the desired signal. The use of shielding 
in the local oscillator and i-f stages to- 
gether with a pre-selector stage before 
the frequency converter are effective 
means of eliminating cross modulation. 

4. TRANSMITTER HARMONICS. 

Transmitters are prohibited by law 
from radiating energy above a certain 
level at harmonics of their carrier fre- 
quencies. However, strong local stations 
may radiate sufficient power at harmonic 
frequencies to be objectionable in the 
receiver. Harmonics of a transmitter 
frequency may also be generated in the 
receiver itself by r-f amplifiers or first 
detectors which introduce distortion. The 
result is the same as if the transmitter 
were generating the undesired signals. 
Here again the most effective remedy is 
to provide some selectivity before the 
first detector and to use Class A r-f 
amplifiers. 

The types of interference between sig- 
nals thus far considered may be found 
in all types of receivers. The following 
faults are peculiar to the superheterodyne. 
5. IMAGE INTERFERENCE. 

For every setting of the local oscillator 
there are two signal frequencies which 
could produce the required i-f, one above 
and the other below the oscillator fre- 
quency. For example, if the i-f is 455 
Ke/s and the oscillator frequency is 6455 
Ke/s, signals at 6000 Ke/s and 6910 
Ke/s both provide the correct i-f. One of 
these two signals is the required signal 
and the other is the interfering signal. 
The latter is called the image frequency 
and gives image or second-channel inter- 
ference. This is one of the most common 
types of signal interference in superhets. 
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The ratio of the output of the receiver 
at the desired frequency to the output 
at the image frequency is called the 
image ratio. This ratio may be made large 
by using a preselector and an i-f such 
that no tio stations differ in frequency 
by twice the i-f. Also, the higher the 
i-f the farther the image frequency is 
from the desired frequency and the more 
easily it is eliminated by the input tuned 
circuits. In high-frequency receivers it 
is sometimes necessary to use a much 
higher i-f in order to eliminate image 
interference. If, for example, a receiver 
uses an i-f of 200 Ke/s, stations which 
are 400 Ke/s apart will produce image 
interference. If, however, the i-f is 
raised to 500 Kc/s, stations must be 1000 
Ke/s apart to produce image interfer- 
ence. Stations this far apart are readily 
separated by the input circuits of the 
receiver. 

6. HETERODYNING BETWEEN STATIONS 
OPERATING AT FREQUENCIES DIFFERING 
BY THE I-F. 

Two strong local stations, differing in 
frequency by the i-f, are sometimes ob- 
served to pass through the receiver even 
when the local oscillator is inoperative. 
In this case one station heterodynes with 
the other to produce the i-f. The trouble 
is reduced by improving the selectivity 
of the input, installing wave traps at the 
interfering frequencies or changing the 
i-f. The use of an i-f such as 456 or 465 
Ke/s which is never the difference be- 
tween two signal frequencies on the 
broadcast band is suggested. 

7. TRANSMITTERS OPERATING AT THE 

I-F. 

Any strong station operating at the 
i-f is permanently tuned in by the i-f 
amplifiers and therefore continually inter- 
feres with other stations. To eliminate 
this interference, good selectivity is neces- 
sary before the first detector and good 
shielding in the i-f stages. The use of 
wave traps and a different i-f are also 
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possible methods of reducing the inter- 
ference. 
8. Harmonics or THE LocaL 

OscILLATOR. 

Harmonics of the local oscillator may 
mix with signals reaching the first de- 
tector to produce an i-f signal which is 
unwanted. For example, a signal at 
700 Ke/s is to be received by a set hav- 
ing an i-f of 450 Ke/s. The local oscil- 
lator is set to operate at 1150 Ke/s. The 
2nd harmonic of the l.o. has a frequency 
of 2300 Ke/s. Stations which transmit 
at frequencies of 2750 Kc/s and at 1850 
Ke/s will produce i-f signals at 450 
Ke/s. These stations may therefore 
interfere with the reception of the desired 
signal unless adequate selectivity is pro- 
vided before the first detector. 

If a transmitter is keyed sharply a 


certain amount of energy is radiated in 


sideband frequencies far from the carrier 
frequency. This energy, while small, 
may cause serious interference in neigh- 
bouring receivers, even when they are 
not tuned to the same frequency as the 
interfering transmitter. This can be 
eliminated only at the transmitter. 


B. Remedies for Interference 
Between Signals 


Reference has already been made to 
the advantages of using well shielded 
circuits in the r-f and i-f stages of re- 
ceivers to eliminate certain types of 
interference. High selectivity in the r-f 
stages is achieved largely by using high- 
Q resonant circuits for tuning. The 
heterodyne principle itself provides most 
of the selectivity in the superhet receiver. 
In addition, the use of a Class A r-f 
amplifier before the first detector is a 
distinct advantage in attaining good 
selectivity. Such a circuit is called a 
pre-selector. It provides a boost in signal 
voltage before the frequency converter 
which is useful in eliminating cross modu- 
lation and harmonic interference. In 
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Fic.9-48 A erystal-filter circuit. 


addition the pre-selector is useful in pre- 
venting radiation from the local oscillator 
of the receiver through the receiving 
aerial: 

The proper choice of i-f plays a large 
part in reducing certain types of inter- 
ference. As has been noted, a low i-f is 
advantageous in eliminating adjacent- 
channel interference whereas a high i-f is 
least likely to cause image interference. 
The actual choice of intermediate fre- 
quency is therefore a compromise be- 
tween these two requirements. 
of 456 Ke/s is generally used in broad- 
cast receivers and is also widely adopted 
for communications equipment. A small 
shift above or below this frequency may 
usually be madé to avoid interference in 
a particular receiver. 

The use of crystal filters and wave 
traps to discriminate against interfering 
signals is discussed in the following 
sections. 

9.17 Crystal filters. The performance 
of an i-f amplifier in providing a large 
output signal at the desired frequency 
and discriminating against signals at 
neighbouring frequencies is greatly im- 
proved by the use of a crystal filter 
circuit. An i-f crystal filter is shown in 
Fig. 9-48. The secondary winding of the 
if transformer is balanced to ground by 
the capacitors C; and Cy. One end of the 
secondary is connected to the grid of the 
following amplifier by the crystal. The 
other end of the i-f transformer is con- 
nected to the grid through C, which is 
called the neutralizing condenser or phas- 
ung control. The circuit is designed to 
provide two advantages; improved selec- 
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tivity and single-signal reception. The 
operation of the circuit in attaining these 
advantages is described in the following 
paragraphs. 


A. Selectivity 


To understand the action of the cir- 
cuit, it is first necessary to recall the 
characteristics of the crystal itself. The 
crystal is of the type used to control the 
frequency of an oscillator and has the 
electrical characteristics of a high-Q 
series resonant circuit. The equivalent 
circuit of the crystal is shown in Fig. 
9-49. L, C and R represent the equiva- 
lent inductance, capacitance and resist- 
ance of the crystal itself while C, repre- 
sents the capacitance of the crystal holder. 
The crystal is ground so that its resonant 
frequency is the same as the i-f of the 
receiver. At this frequency it operates 
as a small resistance and passes a high 
current to the grid circuit of the follow- 
ing amplifier. At frequencies off reson- 
ance, the impedance of the crystal circuit 
is high and the current falls to a low 
value. The phasing control is used to 
maintain the selectivity of the circuit at 
a high value. It is adjusted to balance 
out the capacitance -provided by the 
crystal holder and thus to prevent by- 
passing undesired frequencies from the 
i-f transformer to the grid circuit of the 
following amplifier. Since the secondary 
winding of the i-f transformer is balanced 
to ground by C,; and C2, the voltages at 
its opposite ends are 180° out of phase 
with each other. One of these voltages 
is applied to the grid through the erystal 
holder capacitance and the other through 
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the phasing control. When this control 
is adjusted so that C4 equals the crystal 
holder capacitance, the out of phase 
voltages are equal and cancel each other. 
In this way C, prevents signals at un- 
desired frequencies from reaching the 
grid circuit of the amplifier. 

The selectivity of the coupling circuit 
may be varied by adjusting the selec- 
tivity control C;. Cis normally adjusted 
to tune the secondary winding of the 
i-f transformer to resonance at the inter- 
mediate frequency. When this is done, 
the impedance of the secondary circuit 
is a maximum and is purely resistive. 
This resistance is in series with the crystal 
circuit and reduces its effective Q. If it 
is desired to increase the selectivity of 
the receiver, C's; is detuned from its 
resonance setting. This reduces the 
impedance of the secondary circuit which 
is in series with the crystal and so the Q 
of the circuit is maintained at a high 
value. At the same time, the gain of the 
coupling circuit is decreased. That is, 
maximum gain and maximum selec- 
tivity cannot be obtained at the same 
setting of the selectivity control. 


B. Single-Signal Reception 


The phasing control also operates in 
conjunction with the crystal to provide 
adjustable rejection of interfering signals. 
This is readily understood by reference 
to a particular example. A receiver with 
i-f equal to 456 Ke/s is to discriminate 
between c-w signals differing in fre- 
quency by 1 Kce/s. That is, the receiver 
must discriminate between the desired 
signal and interfering signals which pro- 
duce i-f’s of 454, 455, 457, 458 Ke/s, etc. 
If the frequency of the b.f.o. is set at 
457 Ke/s, a 1000 c/s audio note is pro- 
duced in the output by the desired 
signal and by the signal producing an 
i-f of 458 Ke/s. The other signals are 
not objectionable because the one at 457 
Ke/s produces zero beat while the others 
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produce higher pitched audio notes that 
may be over-read. The interfering signal 
at 458 Ke/s is called the audio image. 
It may be eliminated by proper adjust- 
ment of the phasing control as follows. 

The phasing capacitor C, is varied 
slightly from the setting at which it 
balances the crystal holder capacitance. 
This leaves a small effective capacitance 
in parallel with the crystal circuit. The 
resonant frequency of this parallel circuit 
is slightly higher than the resonant fre- 
quency of the crystal itself. That is, the 
crystal must present an inductive re- 
actance to resonate with the capacitive 
reactance of the crystal holder. To pre- 
sent an inductive reactance, the crystal 
must be operated above its resonant 
frequency. 

By proper adjustment of the phasing 
capacitor, it is possible to set the 
resonant frequency of the parallel cir- 
cuit at 458 Ke/s. At this frequency, the 
circuit presents a very high impedance 
and so the audio image is eliminated. 
The response curve of the crystal circuit 
under these conditions is shown in Fig. 
9-50. In operation therefore, the b.f.o. 
is set to oscillate at a frequency above 
the i-f and the phasing control is adjusted 
to eliminate the audio image. This is 
called single-segnal reception. 

9.18 Wave traps. Interference caused 
by a strong signal at a fixed frequency 


9:36 


= 


Fia.9-51 Aerial circuit with wave trap. 


may largely be eliminated by the use of 
band-suppression filters or wave traps. A 
simple wave trap which is effective in 
eliminating an undesired signal from a 
nearby transmitter is shown in Fig. 
9-51. It consists of a high-Q parallel 
resonant circuit connected in the aerial 
circuit of the receiver. The circuit is 
tuned to resonance at the frequency of 
the interfering signal. It therefore pre- 
sents a high impedance to currents at 
this frequency and a low impedance to 
other aerial currents. A large voltage is 
developed across the circuit at the 
resonant frequency and only a small 
voltage is provided across the primary 
of the aerial transformer. The interfer- 
ing signal therefore becomes ineffective 
in later stages of the receiver. If the 
wave trap is sharply tuned, it has very 
little effect on the strength of the output 
signal at frequencies off resonance. 

The wave trap may be connected in 
the cathode circuit of an r-f amplifier as 
shown in Fig. 9-57. The wave trap pro- 
duces high-impedance degeneration at 
that frequency. Thus the gain of the 
stage is very small and the unwanted 
signal is eliminated. 

If the i-f of the receiver is in the broad- 
cast band it is usually necessary to 
include at least one wave trap in the 
receiver circuit to eliminate interference 
from stations in that band. Sometimes 
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two or more wave traps are included in 
the same receiver. They may be tuned 
to the same frequency or to different 
interfering frequencies. The tuning may 
be effected by a variable capacitor or by 
permeability tuning of an iron-core 
inductor. 

9.19 Noise. The term noise is used 
here to refer to a wide range of electrical 
interference other than that caused by 
unwanted signals. It includes spurious 
voltages from the atmosphere, from elec- 
trical equipment other than transmitters 
and from components within the re- 
ceiver itself which mask the audio signal 
as 1t comes from the speaker. 

A measure of the interference between 
signals and noise is given by the szgnal- 
to-noise ratio. Only if this ratio is suffi- 
ciently high is it possible to receive 
signals intelligibly. There are two obvious 
ways by which the ratio can be im- 
proved: by increasing the strength of 
the signals and by decreasing the strength 
of the noise. From a practical point of 
view the latter is the better method. 
With this object in view, the various 
types of interference encountered in radio 
receivers are considered with some of the 
remedies. 


A. Atmospherics 


This type of interference is caused by 
electrical disturbances in the atmosphere. 
The disturbances are sometimes violent 
as in the case of lightning or weak as in 
the case of a gradual discharge between 
cloud and earth. Static impulses, having 
components at all frequencies, cannot be 
tuned out and they affect reception over 
all bands. The impulse shocks the input 
circuit of the receiver into oscillation at 
its own resonant frequency and the re- 
ceiver responds. These impulses are 
usually much stronger than signals from 
weak distant stations but last only a few 
thousandths of a second. 

Static is worse during warm weather 
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than cool weather and worse at sunset 
than at other times of the day. Static 
that is characteristic of warm or chang- 
ing weather produces almost continual 
crashing sounds. When an electrical 
storm is gathering a continuous hissing 
sound is produced in the receiver output, 
caused by steady electrical discharge 
through the aerial system. This effect is 
noticeable during snow storms as the 
small charges on the snow flakes are dis- 
charged through the aerial. Lightning 
discharges, either near at hand or far 
distant, cause loud crashes and intermit- 
tent rattling noises. 

A high resistance, 100,000 ohms or 
more, connected across the input of the 
receiver by-passes more of the static than 
of the signal because the receiver is tuned 
to the signal. The use of such a resistor 
increases the signal-to-noise ratio under 
unfavourable conditions of reception. 


B. Electrical Interference 
(Man-Made Static) 


Interference of this type may be caused 
by surges, sparks or any other sudden 
changes in current or voltage. The inter- 
ference may reach the receiver in many 
ways: 

(i) by direct radiation from the source 
to aerial 
(ii) by conduction along the power lines 
to receiver 
by radiation from the improperly 
shielded power lines to the aerial 
by conduction along the ground. 


(iii) 
(iv) 


Such disturbances may be caused by 
sparking at commutators in motors and 
generators, by switches, relays, keys, 
vibrators, thermostats, etc., which make 
and break the circuit. Leaky lightning 
arrestors, cracked insulators, loose wir- 
ing or even generator defects may also 
give rise to receiver noise. The best way 
to eliminate noise of this description is to 
suppress it at the source. Proper design 


9:37 


of equipment and the use of filters should 
reduce the noise to the point where it 
can not obscure even the weakest signal. 


C. Receiver Noise 


In tracing the source of noise it should 
first be determined whether or not the 
noise originates outside of the receiver. 
Much of the noise present is traceable 
directly to the receiver operation. The 
following are some of the sources of 
interference in receivers. 

1. THERMAL AGITATION (RESISTOR 

Nolse). 

In a conductor the free electrons are 
moving in random directions. This 
motion causes small irregular e.m.f.’s to 
be developed across the terminals of the 
conductor. These e.m.f’s increase as the 
resistance and temperature are raised. 
This effect is called thermal agitation. If 
the conductor is connected across the 
input to a receiver a hissing noise is 
heard in the receiver output. The e.m.f. 
appearing across the input tuned circuit 
of a receiver due to thermal agitation 
depends on the dynamic resistance of the 
parallel circuit, the temperature and 
the frequency band of reception. Thermal 
agitation and hence noise in the output, 
can be reduced by designing the input 
circuit to have a low dynamic resistance, 
keeping the temperature low and making 
the band-pass as narrow as the applica- 
tion permits. 

2. VALVE NOISE. 

Another component of the hiss noise 
in a receiver is developed in the valves. 
It is produced by the random emission 
of electrons from the cathode which 
causes an irregular component in the 
anode current. This is called the shot 
effect. Since valve noise is amplified 
throughout the receiver, the first valve 
contributes most of this type of noise. 
In gaseous valves, sudden discharges 
cause a large amount of noise to be 
generated. 
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3. MecuaNIcAL DEFECTS. 

In volume controls a great deal of 
noise may be produced if the variation 
of resistance is made non-uniform by 
poor or dirty contacts. The voltage 
surges set up by abrupt changes in 
resistance cause the noise. On wire- 
wound controls the resistance always 
changes by steps so that noise is usually 
present when the control is varied. Simi- 
larly, poor solder joints may cause abrupt 
changes in resistance in a circuit under 
vibration with resultant voltage surges 
and noise. 

4. MIcroPHONICS. 

A further source of noise arises from 
the fact that vibration of a valve may 
cause changes in the valve constants. 
This results in variation in the current 
through the valve which in turn produces 
noise. Noises of this type are called 
microphonics. To remedy this, a valve 
of rigid construction should be used and 
mounted in such a way as to minimize 
the effect of vibration. 


D. Remedies 


To obtain the best signal-to-noise 
ratio, the signal must be made as large 
as possible at the grid of the first valve. 
This involves the use of a high-Q input 
circuit and a valve with low inherent 
noise. The first stage of the receiver is 
the important one from the standpoint 
of signal-to-noise ratio. Noise generated 
in the later stages, while comparable to 
that generated in the first stage, is 
masked by the amplified noise from the 
first stage. At lower frequencies most of 
the receiver noise comes from thermal 
agitation in the aerial circuit. At higher 
frequencies, however, as the dimensions 
and impedance of the input circuit are 
reduced, valve noise becomes more pre- 
dominant. Also the signal-to-noise ratio 
is usually low because high-Q circuits are 
difficult to design. 

Low hissing background noise which 
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arises from thermal agitation, valve noise 
and even atmospherics may be reduced 
to some extent by improving the selec- 
tivity of the receiver. Since noise of this 
type consists of random voltages over a 
wide range of frequencies, a reduction 
in the receiver band-pass serves to reduce 
the noise. 

Noise which results from short sharp 
voltage impulses of large amplitude may 
be removed to a large extent by noise 
limiters. Several circuits used for this 
purpose are described in the following 
section. 

9.20 Noise limiters and noise sup- 
pressors. Noise limiters are used to 
reduce large noise pulses which are often 
superimposed upon the signal. They do 
not remove the noise altogether, but 
merely keep it from reaching a value 
larger than that of the signal. The 
limiter usually follows the second de- 
tector and so operates on the a-f signal. 
In order to appreciate the operation of 
the limiter, it is necessary to examine the 
operation of the detector when the r-f 
signal contains noise pulses. Fig. 9-52 
(a) and (b) show a diode detector circuit 
and typical waveforms of the r-f signal, 
current through the valve and a-f signal. 
The noise appears as sharp spikes of 
random occurrence and amplitude along 
the regular waveform. It should be 
noted that the rectifying action of the 
valve cuts off noise pulses which occur 
during the negative half cycles of the r-f 
signal. The noise pulses in the a-f output 
voltage are therefore restricted to those 
on the positive side of the signal. Conse- 
quently noise limiters are required to 
operate on noise pulses of one polarity 
only. 

Two types of noise limiters are widely - 
used, shunt and series limiters. 


A. Shunt Limiter 


The shunt limiter, Fig. 9-53 (a), con- 
sists of a biased diode V2 in parallel with 
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Fic.9-52 Detection of r-f signal containing 
noise pulses (a) Diode detector circuit (b) Voltage 
and current waveforms. 


_ the detector load R,;. The anode of the 
limiter is connected to the upper end of 
Ri which is at a positive d-c potential 
due to the d-c component of rectified 
current flowing through V;. The cathode 
of the limiter is connected to the poten- 
tiometer FR. which receives a positive 
potential from the bias battery. The 
tap on Rz is set to make the cathode of 
VY. slightly more positive than the maxi- 
mum positive potential attained at the 
cathode of V, during the a-f cycle. 
Hence, V2 is normally biased off and 
presents a high impedance in parallel 
with the detector load resistor #. The 
limiter therefore has no effect on a-f 
signals of normal amplitude. However, 
when a noise pulse of positive polarity in 
the i-f signal is applied to Vi, the valve 
conducts more heavily causing a corres- 
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Fia.9-53 Diode detector with shunt noise 
limiter (a) Circuit diagram (b) Effect of limiter 
on noise pulses. 


ponding rise in the cathode potential of 
V,. The anode of V2 is therefore made 
positive to its cathode. The limiter 
conducts current and presents a low 
impedance in parallel with R, during 
this time. The voltage across V2 is 
almost zero when conducting and C; by- 
passes FR, during the pulse. In effect 
then, the noise pulse is short-circuited 
by Vez and the waveform is clipped off 
at the bias level as shown in the diagram 
Fig. 9-53 (b). 


B. Series Limiter 


This type of detector, Fig. 9-54 (a), 
uses a diode as the coupling device from 
the detector to the first a-f amplifier. 
Its operation differs from that of the 
shunt limiter in that V2. conducts during 
the reception of signals of normal ampli- 
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Fic.9-54 Diode detector with series noise 
limiter (a) Circuit diagram (b) Effect of limiter 
on noise pulses. 
tude and is cut off during noise pulses. 
A more detailed description of the circuit 
follows. The cathode of V2 is connected 
to the upper end of the load resistor Ri. 
The anode of V2 is connected through 
R, to a positive point on the poten- 
tiometer R;. When no signal exists 
across R,, the limiter conducts a small 
current which maintains the anode of V2 
positive to ground. When the signal 
causes the cathode of V2 to vary in 
potential, a varying current flows through 
the valve. This develops the varying a-f 
voltage across R. which is the output 
signal. When a noise pulse is received, 
the cathode potential of V2 becomes more 
positive than the anode potential. The 
diode stops conducting for the duration 
of the pulse and the waveform is clipped 
off at the bias level, Fig. 9-54 (b). 

In practice it is not usual to use a 
battery to produce the bias as indicated 
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in the above diagrams. The battery 
may be replaced by a voltage divider or 
by a resistor-capacitor combination. Fig. 
9-55 shows a limiter circuit in which the 
bias is obtained by the latter method. 
The voltage across the load A, appears 
across R, and C, in series. The output 
voltage is taken between the tap on Ry, 
and ground. It is of negative polarity 
and is applied to the anode of V2. The 
d-c voltage developed across C2 is ap- 
plied to the cathode of V2. The time 
constant RC, is sufficiently large to 
maintain only the d-c component of the 
detector output voltage across Co. The 
limiter normally conducts current be- 
cause its cathode is at a more negative 
potential than its anode. The a-f signal 
is therefore coupled through V2 and C3 
to the following stage. Noise pulses of 
positive polarity in the i-f signal are not 
passed by the detector. When a noise 
pulse of negative polarity is received, the 
cathode of V2is made more negative than 
the anode and so the valve stops con- 
ducting. Consequently the amplitude 
of noise pulses of short duration is 
limited to the d-c voltagé across C2. If, 
however, the duration of the noise pulse 
is long enough to allow C, to charge 
through R2, Ve conducts again. The 
noise pulse is then coupled to the follow- 
ing circuit and the limiter becomes in- 
effective. 


C. Noise Suppressors 


The sensitivity of a receiver provided 
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with a.v.c. varies with the strength of 
the received signals. When the set is 
being tuned in search of a station, the 
sensitivity is a maximum. As soon as a 
station is tuned in, the a.v.c. bias in- 
creases and the sensitivity is reduced. 
During the searching process, when the 
sensitivity is a maximum, the noise level 
may become so large as to be disagree- 
able. A noise suppressor or squelch circuit 
may be used to eliminate the noise be- 
tween stations. 

A noise suppressor circuit is shown in 
Fig. 9-56. Vi, Veand V3; are respectively 
the diode detector, noise suppressor and 
a-f voltage amplifier valves. The sup- 
pressor circuit permits the amplifier to 
operate when a signal is being received 
and turns it off when no signal is tuned 
in. A detailed description of the circuit 
follows. 

The a-f output of the detector is de- 
veloped across the load resistor Ri. This 
signal is coupled through C; to the grid 
of the voltage amplifier. The d-c com- 
ponent of rectified current through the 
detector develops a d-c voltage of nega- 
tive polarity at the upper end of Ai. 
A part of this voltage is tapped off 
through the variable tap of AR, to the 
grid of Vz. This voltage is filtered by 
R2C2, a low-pass filter to remove the a-f 
variations in the signal. Hence a nega- 
tive d-c voltage which is proportional 
to the amplitude of the received signal 
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is applied to the grid of V2. This voltage 
is ordinarily large enough to bias Ve 
beyond cut-off when a station is tuned 
in. In effect, therefore, V2 is removed 
from the detector-amplifier circuit. The 
cathode potential of V3 is positive to 
ground as it is connected to the voltage 
divider Ry, Rs, Re across the H.T. supply. 
Automatic bias is developed by C3R; in 
the grid circuit and the valve acts as an 
amplifier producing an output signal 
in ss 

When no signal is applied to the de- 
tector from 7; the d-c voltage across R, 
disappears. The grid of V2 is therefore 
at cathode potential and so the valve 
conducts heavily. The current flowing 
through the valve develops a large p.d. 
across 3 so that the anode potential of 
V2 and the grid potential of V3 are at a 
low positive value. The cathode poten- 
tial of V; is still positive from the voltage 
divider Ry, R;, Rs. Under these conditions 
the grid is sufficiently negative to the 
cathode to cut off the current through 
V3 and render the amplifier inoperative. 
Noise signals from the detector are 
therefore prevented from reaching the 
final output of the set and are not heard 
in the speaker. 

9.21 A superheterodyne receiver cir- 
cuit. Illustrated in Fig. 9-57 is the circuit 
of a Service superheterodyne receiver 
capable of c-w, m-c-w and r-t reception. 
This receiver is provided with several 
features not ordinarily found in non- 
Service receivers. Two stages of r-f 
pre-selection are used to ensure satisfac- 
tory image ratios; high-gain aerial coils 
provide a maximum signal-to-noise ratio. 
A crystal filter in the i-f stages permits 
the selectivity to be varied over a wide 
range. If desired, spot-frequency recep- 
tion may be used. This is made possible 
by the use of plug-in crystals which 
control the frequency of the local oscil- 
lator. Adequate volume control is pro- 
vided by a sensitivity control as well as a 
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gain control. A noise limiter is present 
to provide satisfactory reception under 
adverse noise conditions. Temperature- 
compensating components make the re- 
ceiver almost independent of temperature 
variations. 

The tuned r-f circuits for only one 
frequency band are shown in Fig. 9-57. 
In practice, five other sets of tuned cir- 
cuits are available to provide reception 
from low to high radio frequencies. 


A. Aerial Circuit 


A single-wire aerial may be used with 
the receiver. If a transmission line is 
employed, connection is made through 
C; which couples the input to the aerial 
input transformer. This capacitor is 
necessary in order that the tracking of 
the first stage is not mis-aligned when 
switching from single-wire aerial to 
transmission line input. Re, is a non- 
inductive resistor to reduce re-radiation 
to a safe level. To prevent damage to 
the r-f coils from powerful signals, a gas- 
filled discharge gap is situated in the 
aerial circuit. This gap breaks down at 
voltages exceeding 100 volts and shorts 
the aerial to ground to protect the r-f 
coil. Signals are coupled from the aerial 
circuit through the r-f transformer 7, 
to the grid circuit of the first r-f ampli- 
fier. The terminals E and £;, are con- 
nected together for a straight-wire aerial 
or a coaxial transmission line input. If 
the input is from a balanced line, one 
side of the line is connected to H,, and 
E and E, are not connected. 


B. First R-F Amplzfier 


This circuit is a tuned r-f voltage am- 
plifier, operated Class A. A variable-mu 
pentode V;, is used to allow a.v.c. to 
operate. The tuned input circuit consists 
of the secondary of the r-f transformer 
T, in conjunction with C,;, which is one 
section of the main tuning capacitor and 
is ganged with Ce, C's4 and C93. Across 
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C13 is connected a negative-temperature- 
coefficient capacitor C3; to compensate 
for changes in capacitance in the other 
capacitors with changing temperature. 
C, is a trimmer capacitor for tracking 
of the dial at the high-frequency end. 
Ri and Cy, are the a.v.c. decoupling 
resistor and capacitor. In the cathode 
lead, Le and C7 form a wave trap which 
is permeability tuned to the i-f. The 
wave trap prevents any signal near the 
i-f from passing through the receiver. 
R3, Cis form a cathode bias resistor and 
by-pass capacitor. The R-F Gain control 
is 39 which varies the bias on the 
cathodes of the first and second r-f am- 
plifiers and the first i-f amplifier. R30, 
a rheostat, is part of a voltage divider 
across the H.T. made up of Rss, R3: and 
Rso. Cio is an H.T. filter capacitor, Cx 
is an r-f by-pass capacitor. The anode 
load is 72, an r-f coupling transformer 
with a tuned secondary circuit. Coo 
across this transformer provides addi- 
tional coupling to make up for losses at 
high frequencies. A) and C3. are the 
anode decoupling resistor and capacitor. 
R, and Cis are the screen voltage drop- 
ping resistor and screen by-pass capacitor. 


C. Second R-F Amplifier 


The second r-f amplifier V2 is almost 
exactly the same as the first r-f amplifier. 
It is a Class A tuned r-f voltage ampli- 
fier whose output is ccupled to the 
frequency converter through the trans- 
former 73 and by C33. All other com- 
ponents have the same functions as the 
corresponding components in the first 
r-f amplifier stage. 


D. Frequency Converter 


1. MrxerR AND First DETECTOR 

The mixer and first detector valve is 
the hexode section of V3. The signal is 
applied to the third grid of the hexode 
and is detected by the anode-bend opera- 
tion of this section. The local oscillator 
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voltage is coupled to the first grid. 
Since both of these grids control the 
electron stream, heterodyning occurs. 
The anode load, consisting of Ceo and the 
primary of 74, is tuned to the i-f and 
the r-f signai is decoupled by R25 and 
(s:. Cs is inserted to help provide the 
desired selectivity. Rz: and C5 are the 
voltage dropping resistor and r-f by-pass 
capacitor for the second and fourth 
grids. R23 and C57 are the cathode bias 
resistor and by-pass capacitor. 

2. CRYSTAL-CONTROLLED LocaL OScIL- 

LATOR. 

This local oscillator is a Pierce crystal 
oscillator that is used for spot-frequency 
reception oniy. With the CRysTaL 
OscILLATOR switch S;s in the IN posi- 
tion, pole 1 connects the crystal feed- 
back to the grid of the triode section of 
V; and pole 2 connects the H.T. to the 
anode of the triode section to operate 
the oscillator. With Sig in the Out 
position, pole 1 connects the tuned local 
oscillator output to the mixer and pole 2 
connects the H.T. to the anode of Vs, 
to set the tuned local oscillator in opera- 
tion. To receive a signal using this 
crystal oscillator, a crystal, whose fre- 
quency is higher or lower than the signal 
frequency by an amount equal to the 
i-f is plugged into the converter crystal 
socket and Sis switched to IN. Cy; is an 
r-f coupling and d-c blocking capacitor 
which together with Cis provides the 
correct feedback to maintain oscilla- 
tions. Automatic bias for the oscillator 
is provided by Res and the crystal holder 
capacitance. R.g is the anode load 
resistor. 

3. TuNED Loca OscILuATor. 

Fer continuous reception over all 
bands, the crystal-controlled l.o. is 
switched off. This allows the tuned Lo., 
using Vs a modified Hartley oscillator, 
to operate. The frequency of this oscilla- 
tor is above the signal frequency by an 
amount equal to the i-f. The output 
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from this circuit is coupled through C53 
to the mixer valve. The tuned circuit 
consists of Log and C3, Cos and Cos. 
Lo is a permeability-tuned inductor for 
tracking at the low-frequency end of the 
dial. (C3 is part of the main ganged 
capacitor. C'95 is a trimmer for tracking 
at the high-frequency end of the dial. 
C 10g iS a negative-temperature-coefficient 
capacitor. Cio9 and Raz provide auto- 
matic grid bias. Cio is the r-f by-pass 
capacitor for the anode. 


E. First I-F Amplifier 


The output from the mixer, V3, is 
coupled by 7, through the selectivity 
control circuit (discussed in sub-section 
F) and Ce to the grid of the first tuned 
i-f amplifier which is operated Class A. 
L, and Ces form the tuned input circuit 
providing a high impedance from grid to 
ground. It is tuned to the i-f. Re and 
Ceo are the a.v.c. decoupling resistor and 
capacitor. Rez and Cs are the cathode 
bias resistor and by-pass capacitor. The 
anode load is formed by C74 and the 
primary of 7';. Rs. and C73 are the anode 
decoupling resistor and capacitor. Reg 
and Cz; are the screen voltage dropping 
resistor and by-pass capacitor. 7’; couples 
the output of the first i-f amplifier to the 
grid of the second i-f amplifier. 


F. Selectivity Control 


The complete SmLEectivity control 
switch has four positions which provide 
for four degrees of selectivity. 

1. Positron 1. 

In this position, illustrated in Fig. 
9-58, the mixer is coupled to the first i-f 
amplifier by capacitor C5 and degenera- 
tion allowed in the coupling to the 
second i-f amplifier V;. The degenera- 
tion is accomplished by using the auxi- 
liary coil Lz. This provides a wide flat 
band-pass of approximately 8 Ke/s and 
is used for high-fidelity r-t reception 
when interference is not present. L,; and 
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To To r-f gain 


a.v.c. control 


Fig.9-58 Circuit arrangement for position 1 of 
the selectivity control. 


Ces, the tuned grid circuit of V4, are 
detuned to obtain a wide flat-topped 
band-pass. The secondary of 74, tuned 
by Css and Ce in series with each other 
and the small capacitor C7, helps to 
broaden the frequency response. 

2. POSITION 2. 

The mixer V; is coupled to the first 
i-f amplifier V, by tuned-transformer 
coupling 7, (Fig 9-59). This provides a 
narrower band-pass of about 4 Ke/s. 
Cea is a fine tuning capacitor in parallel 
with Ces so that the tuned grid circuit 
of V,is brought back into tune on bands 
2,3 and 4. Lz. is not used in position 2. 
3. PosITION 3. 

The same coupling from mixer to first 
i-f amplifier is used as in position 2. 
In addition, a capacitive bridge network 
containing a crystal is connected from 
the secondary of 7,4 to the grid of V4 
(Fig. 9-57). This bridge consists of C65, 
Css, Ce, and the crystal-holder-plate 
capacitance. The centre point between 
Css and Ce is grounded to provide out- 
of-phase voltages for neutralizing the 
capacitance of the crystal holder plates. 
Ce, a phasing capacitor, is adjusted so 
that the voltage across it is equal to the 
voltage across the crystal holder plates. 
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Toa.v.c. To r-f gain control 


Fig.9-59 Circuit arrangement for position 2 of 
the selectivity control. 


Since these voltages are made equal and 
in opposite phase, they cancel out leav- 
ing only the crystal and resistor for the 
coupling path from the mixer to the 
first i-f amplifier. With this arrange- 
ment, the band-pass is approximately 
500 c/s and is used only when the inter- 
ference is very strong. 
4, PosiTIon 4. 

In Position 4, the resistor Re. is shorted 
out, the other connections being essen- 
tially the same as in position 3. With 
Re no longer in series with the crystal, 
the maximum selectivity of the crystal 
is employed to narrow the band-pass to 
about 100 ¢/s. This position is used only 
on c-w reception under the most extreme 
interference conditions. In position 4, 
Lz is again in use as in position 1. 

The presence of a second tuned secon- 
dary circuit in 7; using C3 increases the 
attenuation of all frequencies to which 
the circuit is not tuned. As a result, in 
all four positions of the selectivity con- 
trol, the response curve has steeper sides. 


G. Second I-F Amplifier 


The second i-f amplifier is a Class A 
i-f voltage amplifier with a tuned input 
consisting of the secondary of 7’; and 
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C,; and a tuned output consisting of the 
primary of 7, and Cy. Vs isa variable- 
mu pentode. However the gain of this 
stage is not controlled by either the r-f 
gain control or the a.v.c. voltage. The 
output of this stage is coupled through 
T; to the second detector and through 
(C's; to the delayed a.v.c. circuit. R34 and 
Cr form the cathode bias resistor and 
by-pass capacitor. Rss and Cs provide 
anode decoupling. R57 is a voltage- 
dropping resistor for the screen of Vs 
and Vs. 3; and C's. provide screen 
decoupling. 


H. Delayed A.V.C. 


The output from Vs; is capacitively 
coupled through C's; to the anode of one 
section of a double diode V7. The nega- 
tive d-c voltage for a.v.c. does not appear 
across Rss unless the signal drives the 
anode of this diode more positive than 
the positive bias on the cathode from 
R4. When the diode does conduct cur- 
rent flows through R35 to produce a 
negative d-c voltage at its upper end 
which is filtered by R33; and Cy. When 
Si3, the A.v.c.-Orr switch, is in the 
A.v.c. position, the a.v.c. voltage is 
applied to the grids of Vi, Vo and V4. 


I. Second Detector 


The output from V; is applied to the 
diode section of the diode pentode Vo. 
The input tuned circuit consists of the 
secondary of 7’. and C7. The load of the 
diode detector is Ra, R39 and Ry in 
series. Filtering is provided by C's. The 
output taken across R3, and Ry is 
coupled through C7; to the a-f voltage 
amplifiers when the noise Limrrer 
switch Sy. is in the Orr position. When 
the noise limiter is turned on, the output 
passes through the limiter valve V;. 


J. Noise Limiter 


The noise limiter circuit is redrawn in 
Fig. 9-60. The noise limiter valve is one 
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V6 


Fia.9-60 Diode detector and noise limiter. 


section of the double diode V;. This 
section is connected in series with R, and 
R4; this series combination is connected 
in parallel with R3, and Ra. Under 
normal operation the diode conducts 
current since its anode is at a more posi- 
tive potential than its cathode.  C%zs, 
which is connected across R41, the diode 
and R4, is charged to the voltage across 
these components. To change its volt- 
age C73 must charge through R,; the 
time constant of C7s and Rz is one-tenth 
of a second. The a-f voltage across Ru 
causes the anode voltage and hence the 
anode current of V; to vary at the audio 
rate. This varying current through Ra 
causes an a-f voltage across R4; which is 
coupled through C7; to the grid of Ve 
when Sj, is in the Lim1TER position. 

If a large noise pulse enters the detec- 
tor it appears across the load Rao, Rag 
and Ri. For a short interval the cathode 
of V; is held constant in potential while 
Crs charges through Ro. For the dura- 
tion of the pulse, however, the anode is 
driven more negative than the cathode 
and the diode is cut off. Thus the out- 
put is limited to the voltage across Ra 
and C73. However, if the noise is not of 
short duration, Czs charges up, the diode 
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conducts and the noise output is applied 
to the a-f stages. Thus the noise limiter 
is effective only for noise pulses of high 
amplitude and short duration. 


K. Beat-Frequency Oscillator 


For the reception of c-w signals, the 
B.¥.0.-OFrF switch S17 is turned to the 
B.F.0. position. The b.f.o. is a modified 
Hartley oscillator whose tuned circuit is 
LZ; and Ci:3; and whose output is taken 
from the cathode lead of V, and applied 
to the second detector anode. The out- 
put from the b.f.o. heterodynes with the 
signal to produce a beat-frequency signal 
in the audio range. (C13 is the basic 
capacitor in the tuned circuit while Ciy4 
is the variable tuning capacitor which 
varies the frequency of the b.f.o. slightly 
to vary the pitch of the audio note pro- 
duced in the phones or speaker. C115 
and Rs provide automatic grid-leak 
bias. Rs, and Cis provide anode de- 
coupling. 


L. A-F Voltage Amplifier 


The output of the detector or noise 
limiter is coupled through C7; and applied 
across the potentiometer R37. This re- 
sistor serves as the A-F Gain CONTROL, 
its output being coupled to the grid of 
the pentode section of Vs. This section 
is the a-f voltage amplifier valve which 
is operated Class A by the cathode bias 
across Ry, and R43, by-passed by Cp. 
The a-f voltage amplifier is resistance- 
capacitance.coupled to the a-f power 
amplifier. 4; is the anode load resistor 
and C'9) the coupling capacitor. Cis is 
an r-f by-pass capacitor. Reo and Cis 
provide screen decoupling. 


M. A-F Power Amplifier 


The input to the a-f power amplifier is 
coupled to the grid of Vii. The ToNE 
control is situated in this grid circuit. 
The two capacitors C's, and C’s5 with the 
three-position switch S.:; afford three 
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different degrees of bass boosting when 
required. The capacitors by-pass the 
grid-leak resistor R55; for high audio 
frequencies, C's, being the larger capaci- 
tor. The a-f power amplifier is operated 
Class A and transformer coupled by T, 
to headphones or loudspeaker. The 
primary of 7 is by-passed by C3 to 
improve the high-frequency response of 
the transformer. The secondary of 7; 
has two windings. One of these matches 
the output to a 500-ohm line via the 
jack J;. Seo is a shorting bar used to 
ground the centre tap of this secondary 
when a balanced line is used. The other 
secondary is tapped so that it may be 
used for matching to a loudspeaker via 
J2, low-resistance phones via J3 or high- 
resistance phones via J4. Ass is an out- 
put matching resistor which is connected 
in place of the speaker when the phones 
are in use. For the loudspeaker, the 
whole secondary winding is used; for the 
high-resistance phones, part 1 to 3 is 
used; for the low-resistance phones, part 
1 to 2 is used. Rss and Cy: provide 
cathode bias. Lz, Ciz2, Ciz9 provide H.T. 
decoupling. Sj is the SEND-RECEIVE 
switch which is closed when the re- 
ceiver is in operation. 


N. Voltage Regulator 


V 10 is a voltage regulator in series with 
the voltage dropping resistor R;3; across 
the H.T. supply. Vio supplies a very 
steady voltage for the screen of the 
mixer V3, the anode of the crystal local 
oscillator V3 and the anodes of the local 
oscillator Vs and b.f.o. V, for stability. 
C119 is an a-c filter across Vo. 


O. Power Supply 


The power supply (Fig. 9-61) is a 
full-wave rectifier circuit using a double 
diode Vy. The 115V a-c input to the 
transformer 7's is applied via the ON- 
Orr switch Si9. Ls, Ls, C137, Ciss pro- 
vide a two-section choke-input filter. Regs 
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Fic.9-61 Receiver power supply. 


is a bleeder resistor. The d-c output is 
250V. The filament secondary winding 
on 7's provides 12V a-c for the pilot 
lamps and filaments of the receiver. 
C135, Ciss form a hash filter. C13; 1s an 
r-f by-pass across the 12V secondary. 


9.22 Questions and problems. 

1. Make a block diagram of a simple 
receiver and state briefly the pur- 
pose of each block. 

2. Make graphical diagrams to show 
the waveform of the input voltage 
of each stage. 

3. Name five requirements of a good 
communications receiver and explain 
the meaning of each briefly. 

4. What circuits contribute most to the 
selectivity of the receiver? 

5. Upon what factors does the sensi- 
tivity of the set depend? 

6. State two causes of instability in a 
receiver. 

7. Name three types of receiver signals 
and sketch the waveform of each. 

8. What is the chief advantage of trans- 
mission by c-w signals? 

9. What is the chief disadvantage to 
transmission by r-t signals? 


Ls and Co decouple the filament of the 
b.f.o. valve Vo. Lg and C4; serve the 
same purpose for the local oscillator 
valve Vs filament. Ciso is a filament by- 
pass. Rug is a voltage dropping resistor. 


10. What is the heterodyne principle? 


11. What is meant by the beat fre- 
quency? What beat frequency is 
produced when a 2460 Ke/s wave 
heterodynes with one of 2348 Ke/s? 


12. When receiving a c-w signal, how 
can the frequency of the a-f output 
be changed? 


13. What is meant by the term zero 
beat? 


14. When receiving a signal of 403.5 
Kc/s, there are two interfering sig- 
nals, one at 403.0 Ke/s and the 
other at 405 Ke/s. Explain how the 
b.f.o. may be adjusted to eliminate 
one interfering signal and render the 
other ineffective. 


15. State two advantages of regenera- 
tive detection over non-regenerative 
detection. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25, 


26. 


27. 


30. 


31. 
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Draw a regenerative detector cir- 
cuit. Explain the action of the con- 
trol used to vary the amount of 
regeneration. 

Why must the regeneration be vari- 
able? 

How may a regenerative detector be 
used to receive a c-w signal? What 
name is given to the detector when 
used in this manner? 

What advantage does the super- 
regenerative receiver have over the 
regenerative type? 

What is the purpose of a quench 
oscillator? 

Make a circuit diagram of a self- 
quenching receiver and state the 
components which provide the 
quenching action. 

What is the purpose of a squegger? 
How does it differ in operation from 
the self-quenching receiver? 

What is the superheterodyne prin- 
ciple? State two advantages of a 
superhet over a t-r-f receiver. 
Make a block diagram of a superhet 
receiver. Sketch the waveform of the 
input voltage of each stage. 

What is the function of the local 
oscillator? What kind of output 
does it produce? 

Explain how the intermediate fre- 
quency is maintained constant for 
all r-f signals received. 

Why must the i-f amplifiers in a 
superhet receiver amplify over a 
narrow band of frequencies rather 
than at just one frequency? 


. What are the two fundamental pro- 


cesses in frequency conversion? 


. Name three types of frequency con- 


verter circuit. 

What is a pentagrid valve? 
its circuit symbol. 

State the purpose of each grid in the 
pentagrid valve of Fig. 9-21. 


Draw 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


43. 


44, 


45. 


46. 
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Draw the circuit symbol of a triode- 
hexode valve. State the purpose of 
each grid when the valve is used in a 
frequency converter circuit. 


State two methods of controlling the 
gain of an amplifier with constant 
input voltage. 

Explain how changing the bias may 
be used to control gain. What type 
of valve is used for this purpose? 


Make a diagram of a volume control 
which is used to vary the amplitude 
of the input signal. 

What is the meaning of the term 
logarithmic taper applied to a volume 
control? Why is taper used? 
Explain how automatic volume con- 
trol is used to prevent fading. 


Make a diagram of a simple a.v.c. 

circuit and explain how the control 

voltage is developed. 

Why is it necessary to filter the de- 

tector output before applying it as 

a.v.c. voltage? 

What advantage does delayed a.v.c. 

have over simple a.v.c.? To what 

does the delay refer? 

Draw a circuit diagram of a detector 

that provides delayed a.v.c. 

What voltage is amplified by an 

amplified a.v.c. circuit? 

IWustrate by diagrams the difference 

between series and parallel feed of 

a.v.¢. 

Account for the fact that an ampli- 

fier with a.v.c. amplifies weak signals 

to a greater degree than an amplifier 

with no a.v.c. 

Describe the construction of a tun- 

ing-indicator valve. 

Describe and explain the appearance 

of the target of a tuning-indicator 

valve 

(a) when no voltage is applied to the 
grid 

(b) when a negative a.v.c. voltage is 
applied to the grid. 
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47. 


48. 


49, 


50. 


ol. 


53. 


o4. 


55. 


56. 


57. 
58. 


59. 


Make a diagram of an S meter cir- 
cult with forward-reading meter. Ex- 
plain its operation when the strength 
of the received signal increases. 


In what part of a circuit is a tone 
control usually connected? Illustrate 
by a diagram. 


Explain the operation of the tone 

control 

(a) when the resistance is a maxi- 
mum 

(b) when the resistance is a mini- 
mum. 


What is meant by bass boosting? 
Show by a2 graph the effect of bass 
boosting on the frequency response 
of the output of an amplifier. 


List six types of interference be- 
tween signals. Which of these is 
reduced by increasing selectivity? 
by raising the i-f? by lowering the 
i-f? 


. Explain how a crystal filter may be 


used to improve the selectivity of a 
receiver. Why is it used in the i-f 
rather than the r-f stages? 


How is the phasing control used to 
improve the selectivity of the crystal 
filter circuit? 


What is meant by the terms audio 
image and single-signal reception? 


Describe the operation of the phas- 
ing control in eliminating the audio 
image. 

What is the purpose of a wave trap? 
Why does it not reject all signals? 


State three types of noise in receivers. 


Explain the meanings of the terms 
atmospherics, microphonics, thermal 
agitation, shot effect. 


How does a reduction in band-pass 
of a receiver improve the signal-to- 
noise ratio? 


60. 


61. 


62. 


63. 


64. 


65. 


66. 
67. 


68. 
69. 
70. 


fA 
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Draw a detector circuit which in- 
cludes a series noise limiter and ex- 
plain briefly the action of the circuit 
when a large noise pulse enters the 
receiver. 


What is the function of a noise 
suppressor? Draw a circuit diagram 
and explain the operation of a noise 
suppressor. 


In the circuit of Fig. 9-57, what is 
the function of each of the following 
components: fing C2, Cs, Rae, Rao, 
Rs, Lz and Cyz, Rio and C2, Cis, Ts, 
Css, Css and Coe, Coz, Cin and Cire, 
Rog, Siz, Sis, Cx Cr, R37, Rss, Ces, 
Rss, Siz, C103? 


Explain the operation of the spark 
gap in the aerial circuit of Fig. 9-57. 


Draw the mixer and local oscillator 
circuit of Fig. 9-57 when Sj. is in 
(a) the IN position 

(b) the Our position. 


Explain the operation of the selec- 
tivity control for each of its four 
positions (Fig. 9-57). 

Explain the operation of the diode 
limiter V, in Fig. 9-57. 


Explain how delayed a.v.c. is ob- 
tained in the circuit of Fig. 9-57. 


Explain the operation of the b.f.o. 
circuit V4 in Fig. 9-57 and give the 
purpose of the circuit. 


Explain the use of the tone control 
switch S5 in each of its three posi- 
tions in Fig. 9-57. 


Give the purpose of Szo in Fig. 9-57. 


Redraw the secondary circuit of Tz 
for 

(a) loudspeaker 

(b). low-resistance phones 

(c) high-resistance phones. 


Explain the purpose of the following 
components in Fig. 9-61: C35 and 
C136, L, and C92, Ra. 


CHAPTER X 


TRANSMISSION LINES 


The basic radio application of a trans- 
mission line is to efficiently transfer 
energy from a transmitter to an aerial 
so that maximum radiation takes place 
from the aerial. As a result, before 
beginning the study of transmission lines 
it is of first importance to understand 
the function of an aerial and the manner 
in which an aerial radiates its energy 
into free space. 

10.1 Function of the aerial. The 
function of an aerial is to efficiently 
radiate energy from a transmitter into 
space in the form of electromagnetic 
waves; or to efficiently intercept energy 
for a receiver from electromagnetic 
waves in space. The specific require- 
ments for an efficient transmitting aerial 
at any frequency are the same for an 
efficient receiving aerial at the same 
frequency, so that any discussion of 
transmitting aerials will apply equally 
_ to receiving aerials. 

10.2 Radiation. Consider a simple 
vertical transmitting aerial as in Fig. 
10-1 (a). If coupled to a transmitter, an 
alternating radio-frequency current flows 
in this aerial and since the wire has a 
certain capacitance to earth, it forms a 
capacitor with the earth and assumes 
alternately a positive and negative charge. 
Thus at any instant there will be lines 
of electric force between the aerial and 
earth. These lines of force are bowed 
out due to their mutual repulsion. 
When the current in the aerial reaches 
a maximum the electric field is at a 
minimum. As the current in the circuit 
decreases the electric field increases, 
becoming a maximum when the current 
is zero. An instant later when the current 


reverses, the lines of electric force build 
up again with opposite polarity. Fig. 
10-1 (a) represents this effect with the 
arrows indicating direction of the electric 
field. Thus the electric field is in the 
vertical plane. 


Wavelength W avelength 
Field H 
strength & AX 
HorE 


Fig.10-1 Radiation from a simple vertical 
aerial (a) Static electric field (b) Travelling mag- 
netic field (c) Travelling electric field (d) Variation 
of field strength. 
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Besides this electric fiela there is a 
magnetic field due to the current in the 
aerial. Hence as the current increases 
the magnetic field increases and as the 
current decreases the magnetic field 
decreases. This field is represented in 
the conventional manner by lines of 
force forming concentric circles about 
the aerial, Fig. 10-1 (b). The figure 
represents a view looking down upon 
the aerial and the magnetic lines of force 
are in the horizontal plane represented 
by the plane of the paper. Only the lines 
of force in one plane near the earth are 
shown. 

When the current in the aerial reaches 
a maximum the magnetic field is at a 
maximum. As the current in the circuit 
decreases the field decreases returning 
energy to the circuit. However, the 
magnetic field does not collapse in time 
with the current. That is, when the 
current starts to decrease the field 
immediately next to the wire starts to 
decrease but the more distant parts of 
the field do not begin to decrease until 
a short interval later. It takes a definite 
time for the effect of the decreasing 
current to make itself felt in the space 
outside it, and the farther a point is 
from the aerial the greater is the time 
lag between the decreasing current in 
the aerial and the decreasing field at 
the point. Thus the inside flux ring 
will start to collapse a small fraction of 
a second after the current has started 
to decrease. The second flux ring will 
start to collapse a small fraction of a 
second later than the first, and so on 
throughout the field until the outermost 
ring is reached. In this way the field 
does not collapse in time with the 
current but lags behind the current so 
that when the current reaches zero there 
is still a magnetic field outside the aerial. 

The current in the wire does not remain 
at zero but reverses and begins to 
increase in the opposite direction and a 
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new magnetic field builds up opposite 
in direction to the first field. This new 
field pushes outwards on the remains of 
the old field and as the process is 
continued the field goes travelling off 
into space with the speed of light, 
3108 meters per second, 186,000 mules 
per second, or 162,000 nautical miles per 
second. 

All that has been said with reference 
to the magnetic field is equally true for 
the electric field, Fig. 10-1 (c). That 
is, the radiated field consists of magnetic 
and electric fields and is called an 
electromagnetic (e-m) field. The variation 
of magnetic or electric field strength with 
distance in opposite directions from the 
aerial is sinusoidal as shown in Fig. 
10-1 (d). It should be carefully noted 
that the electric field is propagated in 
the vertical plane while the magnetic 
field is propagated in the horizontal 
plane. Another important property of 
the electromagnetic field is that the 
radiated electric and magnetic fields are 
in phase. 

Within a few wavelengths from the 
transmitting aerial both the lines of 
magnetic and electric force are appre- 
ciably curved, but at great distances 
the curvature becomes so slight that 
the front presented to the receiving 
aerial by these lines becomes almost a 
vertical plane, as shown in Fig. 10-2. 
This plane is called the wave front. 

10.3 Polarization. If one end of a 
rope that is stretched out and made 
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Fia.10-2 Wave front of electromagnetic wave. 
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secure at the other end is given a violent 
up and down movement, a series of 
waves will travel along the rope, be- 
coming rapidly attenuated as they reach 
the fastened end. The direction of 
movement of the rope is in a vertical 
plane through the direction of propaga- 
tion and so these waves are referred to 
as being vertically polarized. The waves 
of the sea are vertically polarized. 

If the movement of the end of the 
rope is horizontal, the waves are hori- 
zontally polarized. Similarly, if the 
movement of the rope is in a straight 
line making an angle with the vertical, 
the waves are obliquely polarized. Also, 
if the rope is given a rapid rotary 
movement of its free end a circularly 
polarized wave is produced. The wave 
consists of a vertical component and a 
horizontal component. If either of these 
components is made slightly larger in 
amplitude than the other an elliptically 
polarized wave is generated. 

In all the above cases, however, the 
wave motion takes place in one plane 
only, through the direction of propaga- 
tion and hence these kinds of waves are 
all referred to as plane polarized waves. 
Fig. 10-2 shows the wave front of a 
vertically polarized wave and Fig. 10-3 
shows that of an obliquely polarized wave. 

An electromagnetic wave is said to be 
vertically polarized if its electric field is 
in the vertical plane through the direction 
of propagation. Although there is a 
horizontal magnetic component, polar- 
ization of a wave is decided by the 
direction of its electric component. 

It should be noted that no radio wave 
can travel far over a conducting surface 
such as the earth if it is horizontally 
polarized. If the wave is horizontally 
polarized the conductivity of the earth 
tends to short circuit any electrostatic 
component parallel to its surface, and 
further, if the magnetic field of the wave 
cuts the earth’s surface circulating 
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Fic.10-3 Wave front of an obliquely polarized 
wave. 


currents are formed to dissipate this 
component. For all radio-frequency 
waves up to approximately 25 Mc/s the 
earth acts as a good conductor and thus 
within this frequency range a vertical 
aerial is used to radiate a vertically 
polarized wave. As the frequency of the 
radio wave increases the conductivity of 
the earth decreases and a horizontally 
polarized wave becomes practical and 
so a horizontal aerial finds definite 
application at the higher frequencies. 


10.4 Definition of a transmission line. 
A transmission line is an arrangement to 
efficiently transfer energy from one point 
to another. In the early days of radio 
and relatively low operating frequencies, 
the technician had very little interest in 
transmission lines. However. the rapid 
growth of radio to the higher frequencies 
has made a thorough study of the prin- 
ciples and applications of transmission 
lines essential. Transmission lines have 
a wide application in modern radio and 
radar circuits. One of the most important 
applications of a transmission line is to 
transfer energy from a transmitter to 
an aerial so that maximum transfer 
results. A second important application 
is its use in feeding a complex aerial 
array in which various elements of the 
array must be fed in phase or out of 
phase with each other. A third applica- 
tion at the ultra-high-frequencies makes 
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use of transmission lines as oscillator 
circuit elements. 

A transmission line may be designed 
to conduct electrical energy at any given 
frequency but the considerations that 
follow are concerned in particular with 
the transfer of radio-frequency energy. 

All transmission lines have two ends, 
the input end (source end) to which power 
is supplied and the output end (load end) 
to which the power is transferred. Thus, 
in a transmitting system, the input end 
is connected to the transmitter and the 
output end is connected to the aerial 
which becomes the load. In a receiving 
system the input end of the line is 
connected to the aerial and output end 
to the receiver. 

10.5 Wave motion on a line. Since 
the basic application of an r-f trans- 
mission line is to efficiently transfer 
energy from a transmitter to an aerial 
so that maximum radiation results, the 
problems peculiar to this application are 
considered first. 

It can be taken as a general rule that 
radiation from a conductor is greatest 
at points where the current is greatest. 
Thus, to obtain maximum radiation from 
an aerial the problem resolves itself into 
obtaining relatively large current values 
in the aerial. This is accomplished by 
producing in the aerial what are known 
as standing waves of current. An under- 
standing of standing waves on an aerial 
is dependent upon an understanding of 
standing waves on a transmission line. 
Such understanding is facilitated by a 
study of the wave motion on an imag- 
inary line of infinite length. An infinite 
line, while impossible to construct, pro- 
vides an excellent subject for study 
because the behaviour on an actual line 
can be understood from that on the 
infinite line. 


A. The Infinite Line 


Fig. 10-4 shows the sine waves of 
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Fic.10-4 Voltage and current distribution on a 
two-wire line at one instant. 


current and voltage that exist on an 
imaginary two-wire line of infinite length 
when a generator is connected across it 
as shown. This figure illustrates the 
condition existing if the voltage and 
current are stopped for an instant in 
time just at the time when the alter- 
nating voltage of the source has reached 
zero. The voltage maxima and current 
maxima appear at the same points on 
this line, but because of line losses the 
values of current and voltage keep 
diminishing in amplitude down the line. 
Thus, the voltage and current are in 
phase and the operation can be pictured 
as a sine wave moving along the line or 
conductor at a definite velocity (v). As 
the sine wave moves past a particular 
point represented by the line AB, the 
value of the current at any instant is 
represented by the distance of point P 
from the horizontal axis. 

Waves exist because it takes a certain 
amount of time for electrons to transfer 
energy down a wire by means of their — 
motion. This time is negligible in 
electrical circuits used in commercial 
power work. For example, Fig. 10-5 
shows the voltage wave of a 60-cycle 
generator. The wavelength of this 60- 
cycle voltage is 3100 miles and the 
voltage reverses polarity only at each 
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Fig. 10-5 Voltage wave of a 60-cycle generator. 


half wavelength, that is, at 1550-mile 
intervals. Since the length of the normal 
power line circuits is usually less than 
1550 miles no current reversals occur 
along the line at any one instant. The 
distance from A to B might represent 
500 miles and since such a small part 
of the wave is being considered the 
voltage and current values at the input 
of the circuits are substantially the same 
as those at the output end and have the 
same polarity at the same instant. 

However, if an alternator is producing 
a 30 Mc/s voltage as in an h-f trans- 
mitter, a positive voltage or current. 
peak travels down the conductor only 
about 33 feet before another positive 
peak is put into the end of the line by 
the alternator as shown in Fig. 10-6. 
Thus the current in a wire is reversed 
completely within a few feet, as between 
C and D, at any instant and hence at 
high frequencies this effect must be 
taken into consideration. 

It is noted that the phase relationship 
is the same at any two points along the 
current wave separated by any whole 
multiple of a wavelength (A). Also there 
is a phase difference of 180° at any two 


d 
points separated by a distance of 9 


d 
an odd multiple of 2 


If the line continues uniformly the 
current and voltage always are in phase 
throughout its length but their ampli- 
tudes gradually decrease with distance 
from the generator. Energy supplied by 
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Fia.10-6 Voltage wave of a 30 Mc/s generator. 


the generator to the line never reaches 
the infinitely-distant load end. Conse- 
quently the energy is wasted within 
the line. 


B. Open-Ended Line 
1. REFLECTION AND STANDING WAVES. 


If a line has a finite length and has an 
open end (Fig. 10-7) the impedance at 
the end can be considered as infinite. 
When energy is applied to the input 
end, waves of current and voltage sweep 
down the line in phase with each other. 
The initial current and voltage waves 
are in phase because the characteristics 
of the line at the input end appear the 
same as for an infinite line as the wave is 
starting toward the output end. The 
in-phase condition of these waves can be 
changed only when they encounter a 
difference in the wmpedance between the 
two wires of the line. When the wave of 
current reaches the open end of the line 
the current collapses to zero since there 
is no place for electrons to continue to 
move at this point. When the current 
collapses the magnetic field set up by it 
collapses. Consequently the collapsing 
magnetic field cuts the conductors near 
the output end and induces additional 
voltage across the line in the same 
direction. This voltage acts like a 
reverse generator and sets up new 
current and voltage waves which travel 
back on the line toward the input. These 
waves are referred to as reflected waves 
of current and voltage (Fig. 10-7). 

It can be seen (Fig. 10-7) that the 
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Fic.10-7 Incident and reflected waves along 
an open-ended line at some instant. 


beginning of the reflected wave of voltage 
starting back has the same polarity as 
the incident wave; thus the voltages at 
the open end add to produce a voltage 
which is the sum of the two. It is seen 
that the incident wave would reach zero 
a short distance beyond the end of the 
line if it were not reflected. Hence the 
reflected wave reaches zero the same 
short distance from the end of the line 
but in a direction toward the generator. 
At a distance ; 
forward-moving incident voltage wave 
and the backward-moving reflected wave 
will be in anti-phase since the total 


from the open end the 


r 
distance of 2x7 


ference of 180°. 


produces a phase dif- 

For a similar reason at 
¥ r 

a distance of ; from the open end, the 


incident and reflected waves of voltage 
are in phase. If these voltages are added 
algebraically the resultant (Fig. 10-8) is 
called a standing wave of voltage and 
indicates the voltage condition that 
exists between the wires for the instant 
depicted in the diagram, that is, at an 
instant when the alternating voltage of 
the source has decreased slightly from 
its maximum value. 
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Fia.10-8 Standing waves of current and voltage 
along an open-ended line at some instant. 


Since the total current at the end of 
the line is zero, the reflected current 
wave must be 180° out of phase with the 
incident current wave (Fig. 10-7). Thus 
the reflected current reverses in direction 
at the open end and the incident current 
and reflected current add to produce 


oN 
zero current. At a distance of Fi from 


the open end the forward-moving 
incident wave of current and the back- 
ward-moving reflected wave are in phase 
with each other since the total distance 


oe 
oy 


of 180°. 


produces an additional phase shift 


r 
Further, at a distance of 2 


from the open end the incident and 
reflected waves are 180° out of phase. 
If these currents are added algebraically 
the resultant (Fig. 10-8) is called a 
standing wave of current. Again, this 
diagram indicates the current condition 
existing at the instant depicted. 

A true picture of the standing-wave 
conditions existing may be obtained by 
a consideration of the conditions existing 
at various instants as the alternating 
voltage of the source decreases from a 
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Fic.10-9 Standing waves of current and voltage along an open-ended line at several instants 
during a complete cycle. 


maximum to zero, reverses polarity and 
increases to a maximum and then de- 
creases to zero again reversing polarity 
and increasing to a maximum to com- 
plete the cycle. Fig. 10-9 shows each 
of these instants with the incident waves, 
reflected waves and standing waves 
plotted. It can be seen that the incident 
and reflected waves of voltage at the 


output end always add to produce an 
alternating voltage which is the sum 
of the two. Therefore at the open end 
of the line or at any other point on the 
line there is a constant amplitude of 
alternating voltage which is the sum of 
the incident and reflected voltages. 
Further, for each different point along 
the line this amplitude is different and 
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actually the standing wave is not sta- 
tionary since the voltage at any one 
point is alternating and only the amphi- 
tude of the alternation at that point 
remains the same. 

Standing waves of voltage can be 
measured by an r-f voltmeter and such 
a meter indicates a series of peak (or 
r.m.s.) values along the line which, when 
plotted, produce a standing wave of 
values. Points along the line at which 
voltage minima occur are called voltage 
nodes and those points at which voltage 
maxima occur are called voltage anti- 
nodes (or loops). 

Current conditions on the line at 
various instants are similar to voltage 
conditions. At the open end the current 
is zero and hence the standing waves of 
current and voltage are 90° out of phase. 


‘ mn 
At a distance ii from the open end there 
is a current maximum (or a current 
: r 
and at a distance of 9 from the 


open end there is a current node. There 
after at each point an odd multiple of 


loop) 


; from the open end there will be a 


current maximum and at each point an 
even multiple of ; from the open end 
there will be a current minimum. 

When an incident wave, that is, a 
travelling wave moves along a_trans- 
mission line, the peak value of the wave 
moves along the line from point to point 
arriving at different points at different 
temes. The peak value is the same for 
every point on the line, at the instant 
that the peak value is passing through 
that point. However this is not the 
case in a standing wave. In a standing 
wave every point along the line reaches 
its peak value at the same instant that 
every other point reaches its peak value. 
The peak value reached at any point on 
the line is not the value reached at 
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Fic.10-10 Appearance of a standing wave at 
nine instants during a complete cycle. 


adjacent points. Thus the peak value 
of current at one point on the line may 
be 1 ampere while at another point in 
the same half cycle the peak value may 
be 20 amperes, but both points reach 
their peak at the same instant of time. 
The location of the nodes and loops of a 
standing wave does not vary in a hori- 
zontal direction along the line but the 
instantaneous values of current at these 
points varies sinusoidally if the generated 
voltage is sinusoidal. Then, there is 
always a sinusoidal variation between 
the peaks of a standing wave. This can 
be understood from Fig. 10-10 which 
shows nine different instants in the same 
standing wave. On these successive 
instants the wave appears as shown by 
positions 1,2, 3, 4, 5, 6, 7, 8, 9, 8, 77 Om 
4, 3, 2, 1. Usually a standing wave is 
only shown in one of these positions. 

As the magnetic field about the wire 
is proportional to the current a field 
strength meter of the absorption type 
may be used to give an indication of the 
current strength along the line. It should 
be noted that for convenience in drawing. 
only the current in one of the wires is 
shown. 
2. STANDING-WAVE Ratios. 

An indication of the amplitude of the 
standing wave may be obtained by 


a" 
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comparing the voltage at a maximum 
position to that at a minimum position. 
The ratio showing this comparison is 
known as the standing-wave ratio and 
therefore may be expressed: 
Standing-Wave Ratio = puarowolage 
min. voltage 
Thus if an r-f voltmeter is used and the 
voltage between the wires at a minimum 
point is 5 and the voltage between the 


wires at a maximum point is 15, then 
Standing-wave ratio = = ad = 3%] 
3. MEASUREMENT OF WAVELENGTH 

Usine STanDING WavVEs. 

The distance between two successive 
maxima or two successive minima is 
equal to one half wavelength at the 
applied frequency. This distance may 
be measured and used to determine the 
wavelength and thus the frequency. This 
is assuming that the velocity of propa- 
gation along the wires is the same as 
that through free space or air which is 
not true, but for most practical work it 
is considered close enough to be accep- 
table. In effect the velocity of propa- 
gation is different for each different 
medium and hence is different for dif- 
ferent conductors. Thus measurements 
of wavelengths would be different for 
different conductors and so the apparent 
wavelength, for accurate results, must be 
corrected to give the true wavelength 
thus: 

In air 

bi 984 

- frequency in megacycles 
In any medium 


984k 
¥ frequency in megacycles 

where \ = wavelength in feet 

and k = a constant depending on the 
type of line. This is the factor which 
expresses the ratio of the actual velocity 
of the energy on the line to the velocity 
of light. The following are some typical 
values of k: 
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Fie.10-11 Absorption type standing-wave in- 
dicator (a) Position of indicator for maximum 
indication (b) Equivalent circuit of indicator. 


Two-wire parallel 


conductor fe ots 
Two-conductor 
“sores lenis tiee ae 
Concentric line — 0.850 
(air insulation) 
Concentric line 
(rubber k = 0.560 to 0.650 
insulation) 
Twisted pair k = 0.560 to 0.650 


4, STANDING-WaAVE INDICATORS. 
Standing waves of current or voltage 
can be detected by means of an absorp- 
tion type indicator consisting of a 
resonant circuit (Fig. 10-11) employing 
a single loop of wire and a small variable 
capacitor of the trimmer type in series 
with a neon or 6-volt dial light. If this 
indicator, tuned to the frequency of the 
generator, is moved along the length of 
the wire and slightly above it the lamp 
glows brightly opposite a current maxi- 
mum and dimly opposite a current 
minimum. As this device is not a 
sensitive one the exact point at which a 
current loop or node occurs cannot be 
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Fic.10-12 A more accurate standing-wave 
indicator (a) Position of indicator for maximum 
indication (b) Equivalent circuit of indicator. 


accurately determined. If these results 
are used to calculate wavelength and 
frequency only approximate values are 
obtained. 

Further, if the loop is placed across 
and touching the wires of the line, then 
moved along their length, standing waves 
of voltage will be indicated. Again only 
approximate results are obtainable. 

More accurate results may be obtained 
by modifying the indicator as in Fig. 
10-12. The triode connected as a diode 
is used as a rectifier so that a sensitive 
d-c meter may be used and operated by 
the r-f energy picked up by the loop. 
As the meter is connected across the 
tuned circuit it will read a maximum 
when the loop is opposite a current 
maximum and a minimum when opposite 
a current minimum. As meter readings 
at maximum and minimum points may 
be obtained and compared standing- 
wave ratios may be determined. 

In most cases more convenient and 
more accurate measurements are ob- 
tained if an r-f voltage indicator is used 
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Fic.10-13 A voltage standing-wave indicator 
(a) Position of indicator relative to line (b) 
Equivalent circuit of indicator. 


to locate and measure voltage maxima 
and minima as a less sensitive meter may 
be used. A practical untuned arrange- 
ment is shown in Fig. 10-13. This 
vacuum-tube voltmeter employs an acorn 
high-frequency triode V; connected as a 
diode and is mounted breadboard style 
to allow it to be moved along beneath 
the transmission line. Two short prods 
of copper wire make contact with the 
wires of the line and the voltmeter is 
isolated by the resistors R; and Re of 1 
megohm each so as not to load the 
transmission line. The voltage between 
the wires is applied across the voltage 
divider R,, Re and L;. The L, voltage 
is applied to V,; and an indication of 
its value is give by the reading on the 
microammeter in the cathode circuit of 
the valve. A 50,000 ohm resistor, Rs, 
in series with a 2.5mH choke Le, is used 
as the diode load. Three dry cells 
connected in series are used to provide 
filament supply to the valve and two 
inductances L3 and Ly each of 20 turns 
of number 20 wire wound on 3” diameter 
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Fic.10-14 Standing waves of current and volt- 
age along a shorted line at some instant. 


formers, are used to isolate the filament 
supply from the r-f. As the meter is 
moved to a position of maximum voltage 
on the line, a maximum current reading 
is indicated on the microammeter. 


C. The Shorted Line 


If an r-f generator is connected across 
a transmission line whose output end is 
short-circuited (Fig. 10-14) the condi- 
tions that develop in this line are very 
similar to those that develop in an 
open-ended line. A travelling wave 
sweeps down the line to the short- 
circuited output end and since the short 
circuit is a condition of zero impedance 
the energy cannot be absorbed and 
reflection takes place. The current at 
the shorted end of the line is a maximum 
and the voltage is a minimum. The 
reflected waves and the incident waves 
combine along the line and standing 
waves of current and voltage are set up. 
A comparison of Fig. 10-14 with Fig. 
10-8 shows that the voltage and current 
relationships are exactly opposite in a 
short-circuited line to what they are in 
an open-ended line. The points of 
maximum and minimum current and 
voltage are determined from the output 
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Fiae.10-15 Standing waves of current and volt- 
age along an open and a shorted half-wave line at 
some instant. 


end of the line where reflection begins. 
A line does not have to be any particular 
length to produce standing waves; the 
only requirement is that reflections must 
occur, that is, all the energy of the inci- 
dent wave must not be absorbed at the 
output end. The standing waves of 
current and voltage at any instant which 
appear on an open half-wave line and a 
shorted half-wave line are shown in 
Fig. 10-15. 

10.6 Characteristic impedance of a 
transmission line. Long uniform trans- 
mission lines presented a problem to 
early communications engineers because 
of the fact that the electrical constants 
of such lines are distributed in space 
rather than lumped at one point. Hence 
the engineering and design problems 
could not be dealt with by familiar 
circuit analysis methods and new 
methods have been developed. 

At low frequencies it is simplest to 
think of a current flowing out one wire 
of the transmission line and back in the 
other. Thus the product of the current 
and the potential difference at the send- 
ing end gives the power delivered to the 
line. Also, the product of the current 
and the potential difference at the output 
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Fig.10-16 Equivalent circuit of a two-wire 
line in terms of electrical constants. 


end gives the power delivered to the load. 
At radio frequencies where one wave- 
length is only a fraction of the length of 
the transmission line the above concep- 
tion is not applicable because current 
flows in opposite directions in the same 
conductor in each successive half wave- 
length. Further, there is also an imped- 
ance to any flow of current and to any 
change in the rate of flow and there is 
dissipation of energy called attenuation. 
For simplicity it is best to think of the 
transmission line as having many dis- 
tributed electrical constants which form 
a network and which can be resolved 
into some total effective impedance in 
order that the effect of the line on the 
r-f wave-trains may be determined. 
Any form of two-wire transmission 
line has four fundamental electrical 
constants or parameters: 
(1) series resistance 
(11) shunt resistance 
(1) series inductance 
(iv) shunt capacitance. 
Thus any line possesses resistance that 
limits the current in the line. In addition, 
in a transmission line it is impossible to 
achieve perfect insulation at r-f between 
the wires of the line so that there is a 
certain amount of leakage or shunt 
resistance between the wires. Further- 
more, since a magnetic field is set up 
about any current-carrying conductor 
the line possesses series inductance. The 
two wires of the line act as small capaci- 
tor plates with each other and with 
ground so the line has shunt capacitance. 
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Fra.10-17 Equivalent circuit of a two-wire 


line in terms of lumped constants. 


‘These electrical constants are illustrated 


in Fig. 10-16. 

For convenience in understanding, all 
of these various effects of resistance, ca- 
pacitance and inductance can be lumped 
together as impedances which act both 
in series with and across the line. The 
line can be considered as made up of a 
great many similar sections each with 
a definite amount of series and shunt 
impedance. This is shown in Fig. 10-17 
which represents unit sections of a line 
which stretches out to infinity. 

If all sections except the first are 
disconnected the current flowing into the 
line will be very small and is given by 

pele ee 
2Z,+Z3, 

If a second section is added to the 
first there is a greater current flow, since 
Zz is now shunted by an impedance 
equal to 4Z,+2Z,. This process can be 
continued by adding more sections to 
the line, each of which causes an increase 
in the current over that caused by adding 
the preceding section. Eventually, the 
point is reached where the addition of 
another section does not have appreciable 
effect upon the current. This is illus- 
trated in Fig. 10-18 which shows how 
the current tapers off to a definite value 
as the number of unit sections, and hence 
the length of the line, is increased. 
Therefore, it may be concluded that a 
transmission line of infinite length 
assumes one definite value of impedance. 
This value is known as the characteristic 
impedance, Zo, of the line. Different 
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- types s of aeons lines have different 
aracteristic impedances. 
ss 10-19 is a numerical example 
4 y hich shows how small sections of the 
line can be added to obtain the charac- 
teristic impedance. Consider a unit 
‘section to have an effective resistance 
made up of a series resistance of 102 and 
a fesistance of 1002 across the line. 
_ Thus the impedance across the generator 
end of line, Zz,7, is 1109. In Fig. 10-19 (b) 
a second identical unit section is added 
. ” the impedance Zz,, 6242, is cal- 
etulated from the rules for combining 
series parallel networks. The process of 
addins g one section is continued in each 
diagram from (c) to (h) and the imped- 
ance across X Y is calculated and recorded 
or ine diagram. Each time a section is 
_ added the impedance is decreased and it 
continues to decrease to the value 37.02. 
yeral hundred more sections can be 
pe ded without any noticeable reduction 
in the impedance Zzy. Thus the value 
37.00 ean be considered to be the 
eristic impedance Z, of the line. Facts ee ere oe 
| The characteristic impedance of an 
infinite line has a very valuable use. If continuation of the numerical example 
“@ load equal to this impedance Z, is of Fig. 10-19. If the line of Fig. 10-19 (a) 
wed across the output end of any is terminated with its characteristic 
hort or convenient length of the line impedance Zo, 37-02, as in Fig. 10-20 (a) 
the same effective impedance Z, appears and the effective impedance calculated 
at the input terminals of the line. Only it is found to be 37.02 also. Thus if R 
ne value of impedance, the characteris’ is the impedance of Zo and the 1002 
ne, for any particular type in parallel, 
a eee sete Hits way This i 
r mpc t fact ean be verified by 2 R 37.0 100 
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Hence the effective impedance is 
Jay = 27,0410. = 37.00 

Similarly if a line consisting of three 
sections as in Fig. 10-20 (b) is terminated 
with its characteristic impedance Zo, 
37.02, the overall effective impedance 
across XY can also, by calculation, be 
shown to be 37.02. 

Therefore there is one value of im- 
pedance, Zo, which the line assumes if it 
is very long and, further, if this value 
of impedance is used to terminate a 
shorter line, the same effective value of 
impedance appears at the input. 

The ability to determine the character- 
istic impedance of a transmission line 
provides a method for ensuring that 
maximum energy is transferred from 
generator to line to load. For maximum 
transfer of energy the impedance of the 
load must be the same as the impedance 
of the generator. The impedance seen 
by a generator looking into an infinite 
transmission line or into a line terminated 
in its characteristic impedance is simply 
the characteristic impedance of the line. 
Therefore to send maximum energy into 
the line it is only necessary to construct 
a transmission line with a characteristic 
impedance equal to the impedance of the 
generator, or otherwise it is necessary to 
match the impedance of the line by a 
transformer or other matching device to 
the impedance of the generator. 

If maximum energy is to be transferred 
from the line to the load the impedance 
of the load must be matched to the 
impedance of the line. If the line is 
terminated with a load that has an 
impedance equal to the characteristic 
impedance of the line this condition is 
fulfilled. In addition, terminating the 
line with a load equal to the Z, of the 
line does not change the effective load 
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’ Frq.10-20 Impedance of any length of line 
terminated by its characteristic impedance (a) 
One-section line (b) Three-section line. 


on the generator as the impedance that 
the generator sees still remains Zp. How- 
ever, if a line is connected toa load which 
has an impedance different from the Zo 
of the line a wave reflection is produced 
back along the line as all the energy is 
not absorbed by the load. Thus standing 
waves are set up in the line and /?# and 
radiation losses are increased in the line 
due to the increase in current. In this 
way maximum energy is not dissipated 
in the load. 

The characteristic impedance of a two- 
wire line depends upon the size and 
spacing of the conductors and the kind 
of dielectric medium which separates the 
conductors. For a pair of parallel 
conductors, the characteristic impedance 
is given by the formula, 

b 
Zo = Blog ‘ 
where Zo = characteristic impedance 
b = distance between the centres 
of the two conductors 
a = radius of conductors 
constant depending on the 
dielectric medium between 
the conductors. 

From this formula it can be seen that 
the characteristic impedance decreases as 
the spacing is made smaller and the 
diameter of the conductors is made 
larger. 

The construction of the common types 
of transmission lines together with cal- 
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culation of their characteristic impedances 
are discussed in section 10-12. 

10.7 Aerial impedance. In radio com- 
munications and radar, transmission 
lines are used to transfer r-f energy from 
the transmitter to the aerial. It is 
essential that the aerial which forms the 
load be matched to the generator (the 
transmitter) for maximum transfer of 
energy. Thus it is necessary to under- 
stand the meaning of aerial impedance 
so that a match may be effected. 

First consider an open-ended trans- 
mission line with each wire one quarter 
wavelength long connected across an r-f 
generator as shown in Fig. 10-21. The 
standing waves of current set up on 
the wires of this line as a result of the 
reflection from the open end are shown 
in Fig. 10-21 (b) and the standing wave 
of voltage between the wires is shown in 
Fig. 10-21 (a). If the wires of the line 
are now spread as shown in Fig. 10-21 (c) 
a half-wavelength aerial usually called 
a dipole is formed and of course the 
standing waves of current and voltage 
on this basic aerial remain the same. 
The distribution of current and voltage 
on a half-wavelength aerial is shown in 
Fig. 10-21 (c). The voltage maxima 
appear at the ends with minimum 
voltage at the centre of the aerial, which 
is also the point of maximum current. 
The spreading of the quarter-wave sec- 
tions of the line causes the fields radiated 
to become additive whereas the fields 
radiated from two closely spaced wires 
of Fig. 10-21 (b) cancel since the current 
in, and the field radiated from, one is 
180° out of phase with the current in, 
and the field radiated from, the other. 

The impedance of an aerial is a 
quantity that varies from point to point 
along its length. Since the impedance 
can be considered equal in magnitude to 
the voltage divided by the current, that 
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Fia.10-21 Evolution of a dipole from an open 
half-wave two-wire transmission line (a) Standing 
wave of voltage (b) Standing wave of current (c) 
Standing waves on resultant dipole. 


voltage distribution on the aerial shows 
that the impedance of the aerial varies 
from a maximum at one end (that is, 
high EZ and low J), to a minimum at the 
centre (low # and high J), to an equal 
maximum at the other end. 

At the centre of the aerial the voltage 
is a minimum and the current is a 
maximum. This corresponds to a capaci- 
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tance and inductance in series at the 
resonant frequency. Therefore, at this 
centre point the voltage is in phase with 
the current, so the impedance at the 
centre point is resistive in character. At 
other points along the length of the 
half-wavelength aerial the impedance 
contains a reactive component. The 
resistance at the centre of any half-wave 
aerial has a fixed value approximately 
equal to 730 if the aerial is mounted a 
sufficient distance from such modifying 
influences as the surface of the earth. 
The centre point resistance, known as 
the radiation resistance of the aerial, is 
the equivalent of the physical resistance 
which would absorb an amount of energy 
from the transmitter equal to that radia- 
ted from the aerial. 

A knowledge of the radiation resistance 
and the manner in which the impedance 
varies along the half-wave aerial is 
important in discussing the methods by 
which the output of a transmitter may 
be fed to the aerial. 

10.8 Non-resonant transmission lines. 
In the preceding sections lines terminated 
in an open end and in a short circuit 
were discussed. In these cases it is 
found that reflection takes place at the 
end and standing waves are set up on 
the line. A transmission: line on which 
there are no standing waves is called a 
non-resonant line. However, for a line 
to be considered non-resonant, it is not 
necessary for the line to have no standing 
waves on it but it is necessary that the 
standing-wave ratio be close to unity. 
The current and voltage waves along a 
non-resonant line are approximately in 
phase (Fig. 10-22); the line operates at a 
power factor of approximately unity and 
the most favourable conditions for maxi- 
mum transfer of energy exist. A line 
should be made non-resonant to be used 
effectively to transfer r-f energy. A line 
can be made non-resonant by the proper 
termination of its output end. 
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Fiq.10-22 Voltage and current waves along a 
non-resonant line. 


A non-resonant line is either an 
infinitely long line or a line terminated 
in its characteristic impedance. In each 
of these vases there are no reflections and 
all the energy sent down the line is 
absorbed at the output end. On lines 
carrying r-f currents the characteristic 
impedance is almost pure resistance. 
Therefore to make a line non-resonant 
it is terminated in a resistive load equal 
to the characteristic impedance of the 
line. 

A non-resonant line, sometimes referred 
to as a flat line or an untuned line is 
desirable for the following reasons. 

(i) The J?R losses in the line are 
reduced when standing waves are 
eliminated because the high current 
peaks are not present. 

(ii) There are no points of high r-f 

voltage, which is important when 
insulation must be provided where 
high power is used. Reduction in 
voltage also decreases dielectric 
losses in the line. 

The two-wire non-resonant line con- 
sists of two parallel wires held apart 
by insulating spacers. The separa- 
tion between the wires is kept small 
with respect to the wavelength 
under consideration. | When the 
separation is small, that is, of the 
order of 0.01\, there is very little 
radiation from the feeder lines. This 
is because the current in each wire 
at any point is 180° out of phase 
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with the current in the other wire 
and so the radiation fields from the 
wires of the line almost cancel each 
other. The closer the wire spacing 
the more nearly do the radiation 
fields cancel. Thus the effective 
radiation from a two-wire line is 
small and as a result the radiation 
losses from the line are also small. 

Since the resultant radiation from a 
two-wire line also depends upon the 
magnitude of the current flowing, a 
non-resonant line radiates less than one 
with standing waves present on it. For 
the same reason a non-resonant line 
picks up less energy when it is used to 
connect an aerial to its receiver. In the 
former case distortion of the directional 
radiation from a directional aerial is 
reduced and in the latter case there is a 
desirable increase in the signal-to-noise 
ratio. 

When using a non-resonant line to 
connect a transmitter to its aerial, the 
system must be adjusted to prevent 
standing waves on the line. It has been 
seen that a transmission line terminated 
in its characteristic impedance transfers 
the maximum amount of energy to the 
termination. Therefore, if the trans- 
mission line is terminated in an aerial 
which provides a resistive load equal to 
the characteristic impedance of the line, 
correct conditions for maximum energy 
transfer are established. Several methods 
of matching an aerial to a non-resonant 
transmission line are considered in the 
following sections. 


A. Delta Match to a Half-Wave Aerial 


The impedance of a two-wire line is 
usually several hundred ohms so that the 
line cannot be connected directly to the 
centre of a half-wave aerial which has 
an approximate impedance at this point 
of 73 ohms. However, advantage can be 
taken of the fact that the aerial imped- 
ance increases as the distance increases 
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Fia.10-23 Delta match to a half-wave aerial. 


from the centre point. This can be 
understood from a consideration of the 
current-voltage distribution on the aerial 
(Fig. 10-23). At the centre point of the 
aerial the voltage is a minimum and the 
current is a maximum, hence the imped- 
: Ee 0 

ance is == 

Also, voltages at P and Q are equal 
and opposite and hence the p.d. between 
P and Q is 2E while the current at P 
and Q (the open ends) is zero. Hence 


the impedance between P and Q is 
2k = 2E 


Thus, if two points R and S are 
considered the voltages at R and S are 
equal and opposite and less than at P 
and Q while the current at R and S has 
increased from its zero value at P and 
Q. Therefore the impedance between 
and S is intermediate in value between 
zero and infinity. Hence the transmission 
line may be connected to the dipole and 
the tapping points spread out or fanned 
out as shown in Fig. 10-23 until an aerial 
impedance is reached which just matches 
the impedance of the line. The match 
is indicated by the absence of standing 
waves on the line which in turn is 
indicated by means of a standing-wave 
indicator (Sec. 10.4). This method of 
effecting a match between an aerial and 
transmission line is called the delta match. 
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Fic.10-24 Quarter-wave stub match to a dipole 
(a) Standing wave of voltage (b) Standing wave of 
current (c) Standing waves on stub and dipole. 


B. Quarter- and Half-Wave Stub Matches 

Another method of matching a trans- 
mission line to an aerial is by means of 
a matching stub which may be either 
one quarter wavelength or one half 
wavelength long. 

Consider first the standing waves of 
current and voltage produced on a two- 
wire line which is one half wavelength 
long as shown in Figs. 10-15 and 10-24 (a) 
and (b). Now suppose that the half- 
wave line is turned back and through 
90° at a point one quarter wavelength 
from its end as shown in Fig. 10-24 (¢) to 
form a flat top half-wave aerial and a 
quarter-wave section or stub of line, 
extending down from the centre of the 
aerial, which is used to effect the match. 
The current-voltage distribution on the 
half-wave aerial and on the stub remains 
the same as before the line was folded 
and this distribution is indicated again 
in Fig. 10-24 (c). The quarter-wave stub 
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has a voltage maximum at its end which 
is left open. As a result of the standing 
waves of voltage and current on the stub 
the impedance varies along its length. 
At the centre A the voltage is zero, 
the current is a maximum and thus the 
impedance is zero. Across the end of the 
stub B the voltage is a maximum and the 
current zero and hence the impedance is 
infinite. Thus a connecting point can be 
chosen to provide an aerial impedance 
which is just equal to the characteristic 
impedance of the line. Such a matching 
point can be found by moving the line 
tapping points along the stub until the 
point is reached where no standing waves 
are produced on the line. 

Similarly a half-wave stub may be 
used as shown in Fig. 10-25 but in this 
case to provide correct current voltage 
distribution there must be a voltage 
minimum at the end of the stub and so 
it is shorted by means of a conducting 
bar. The standing-wave distribution on 
the stub and on the half-wave aerial is 
shown in the diagram and it can be 
readily seen that the impedance varies 
from zero at the end of the stub, to a 


: r _ 
maximum at the 4 position from the end, 


to a minimum at its centre and then 
repeats. Thus there are two positions 
at which the transmission line can be 
connected to the stub so that the aerial 
impedance is matched to the characteris- 
tic impedance of the line. 
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10.9 Resonant lines. A resonant trans- 
mission line is a line having standing 
waves present on it. An open-ended 
line, shorted line, or a line terminated 
in a load which is not resistive or not 
equal to the characteristic impedance 
have standing waves on them and are 
therefore resonant lines. The separation 
between the successive peaks of the 
standing waves of either voltage or 
current is one half wavelength long. The 
distance representing a wavelength de- 
pends upon the frequency of the source. 
Thus a transmission line which is one 
half wavelength long for a given frequency 
is not one half wavelength long at 
another frequency. By varying the 
length of the line it can be tuned to the 
frequency of the generator, that is, tuned 
through resonance in a manner similar 
to the tuning of a conventional induc- 
tance-capacitance resonant circuit. Thus 
the resonant line is often referred to as 
a tuned line. 

A resonant line has the following 
characteristics. 

(i) It does not require an impedance 

match between line and load (aerial). 
(ii) It provides some degree of frequency 
flexibility otherwise unobtainable. 
(iii) It has high J?R losses as a result 
of the high standing waves of cur- 
rent present on the line. 
(iv) For the same reason its radiation 
losses are great. 

A resonant-line may be used to feed 
an aerial but it finds its widest applica- 
tion in the use of resonant-line sections 
as impedance matching devices. A con- 
sideration of the resonant line as an 
aerial-feed method is considered first and 
a discussion of resonant-line sections 
follows. 


A. Resonant-Line Centre Feed 
of an Aerzal 


The method of feeding a half-wave 
aerial by means of a resonant line may 
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Fic.10-26 Resonant line centre-feeding a dipole 
(a) Standing waves of current and voltage on line 
(b) Standing waves of current and voltage on line 
and dipole. 


be understood from a consideration ot 
Fig. 10-26. Fig. 10-26 (a) shows an 
open-ended transmission line which is 
cut to an exact number of quarter 
wavelengths at a given frequency and 
the standing waves of current and volt- 
age are indicated on the line. If each 
wire of the line is now folded back 


heN 
through 90° at a point ai from the end 


as shown in Fig. 10-26 (b) a resonant 
line feeding a half-wave aerial results. 
The current-voltage distribution along 
the line and the aerial remain the same 
but now radiation from the aerial sec- 
tions become additive while radiation 
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from the wires of the line still cancel 
one another if the wires of the line are 


close together. At a point 4 from the 


aerial along the line there is a current 
minimum and a voltage maximum. If 
the transmitter is connected at this 
point the coupling must furnish maxi- 
mum voltage and minimum current. 
This condition is satisfied by the parallel 
tuned coupling labelled P in the figure. 
The parallel-resonant type of coupling 
is used when connection is made to the 
transmission line at any point which is 
an odd number of quarter wavelengths 
from the aerial. 

At points an even number of quarter 
wavelengths from the aerial occur current 
maxima and voltage minima. Thus if 
the transmitter is to be connected at 
these points the coupling required must 
furnish maximum current and minimum 
voltage. The series-resonant coupling 
shown at S in the figure meets these 
conditions. 


B. Resonant-Line End Feed 
of an Aerial 


The half-wave aerial may also be fed 
at one end by means of a tuned trans- 
mission line (Fig. 10-27). The current- 
voltage distribution on the line and 
aerial is indicated in the diagram. 
Although one end of the tuned line is 
unconnected in this system, the un- 
balance introduced thereby is small if 
the feeder length is an accurate multiple 
of the quarter wavelength. The trans- 
mitter coupling to the end-feed tuned line 
is the reverse of the centre-feed aerial 
with respect to the number of quarter 
wavelengths from the aerial. Since the 
current maxima now occur at points an 
odd number of quarter wavelengths from 
the aerial, the series-resonant coupling is 
used at these points. The voltage 
maxima and current minima are at 
points an even number of quarter wave- 


FUNDAMENTALS OF 


eee eee eee 
tonsnas 
\ 
Voltage ma. 


Ps Current. min. 


Liiva ned 
i 
far « ga 
Be ies | p | Se 


Fic.10-27 Resonant line end-feeding a half- 
wave aerial. 


lengths from the aerial, requiring parallel- 
resonant coupling. 

The tuned lines are usually parallel 
wires held apart by insulating spacers. 
The separation between the wires must 
be kept small with respect to the wave- 
length under consideration. When the 
separation is small, perhaps of the order 
of 0.01A, there is very little radiation 
from the feeder lines. The current in 
each wire at any point is 180° out cf 
phase with the current in the other wire 
so that the radiation fields from the 
wires of the line effectively cancel each 
other. 


C. Resonant Feed for 
Multiple-Frequency Operation 


It sometimes is convenient and desira- 
ble to use the same half-wave aerial for 
operation on several frequencies. . This 
can be done by the use of resonant-line 
feed. When only a half wave of current 
and voltage are present on the aerial 
the aerial is operating at its fundamental 
frequency or Ist harmonic (Fig. 10-28). 
If the aerial is operated at the second 
harmonic, that is twice the fundamental — 
frequency, there is a full wavelength of 
current and voltage standing on the 
aerial. If the aerial is operated at the 
third harmonic, that is three times the 
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Fic.10-28 Operation of a half-wave aerial at 
its first, second and third harmonic frequency. 


fundamental frequency, there are three 
half wavelengths of current and voltage 
standing on the aerial. 

In order to permit a half-wave aerial 
to operate at its harmonic frequencies it 
is only necessary to use a resonant trans- 
mission line fed in the proper manner as 
shown in Fig. 10-29. Thus in Fig. 
10-29 (a) the resonant line is current 
fed by means of a series circuit; in (b) 
the resonant line is voltage fed to permit 
operation at the 2nd harmonic; in (c) 
current feed provides satisfactory condi- 
tions for 3rd harmonic operation. The 
shift from current to voltage feed is easily 
accomplished in service transmitters by 
a control on the front panel marked to 
indicate the type of coupling circuit, 
series (current) or parallel (voltage). 


10.10 Comparison of resonant-line 
sections with conventional resonant cir- 
cuits. A resonant transmission line acts 
as a resonant circuit tuned to some 
particular frequency. This fact is impor- 
tant in the application of resonant lines 
as circuit elements at the higher fre- 
quencies and as a result a clear under- 
standing of how a resonant line presents 
the characteristics of a conventional 
resonant circuit is necessary. 

In order to act as a resonant circuit 
the line is either open-ended or short- 
circuited at the output end and it is cut 
to some multiple of a quarter wavelength. 
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Fia.10-29 Types of feed to permit operation of 
a dipole at harmonic frequencies (a) First har- 
monic (b) Second harmonic (c) Third harmonic. 


A. Open-Ended Resonant-Line Section 


Fig.10-30 illustrates the relationship 
between voltage, current and impedance 
for various sections, or lengths, of open- 
ended resonant lines. The impedance 
which the generator sees is shown at the 
top of the chart. The impedance curve 
indicates the relative values of impedance 
presented to the generator as it is moved 
from right to left along the line. The 
impedance values are derived from the 
very simple principle that the impedance 
at any point is equal to-the voltage at 
that point divided by the current at the 
same point. Thus if the standing waves 
of current and voltage indicate that, at 
a point, the voltage is high and current 
low the line at that point has a high 
impedance. The reactance curve shows 
the reactance relationships along the 
sections and indicates whether the react- 
ance at any point is purely resistive. A 
comparison of the reactance curves with 
the impedance curves also shows the 
points where the impedance of the line 
is purely resistive. This is due to the 
reactances having cancelled themselves 
out or to their becoming zero. The circuit 
symbols indicate the conventional circuit 
which is equivalent to a resonant line 
of that particular length. 

The quarter-wavelength section 
exhibits the characteristics of a conven- 
tional series-resonant circuit with high 
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Fic.10-30 Relationship between voltage, current and impedance for various lengths of an 
open-ended resonant line. 


current, low voltage and an impedance 
minimum. Thus the generator looking 
into a quarter-wave open-ended section 
sees a very low impedance or in effect 
the generator sees a short circuit. Simi- 
larly the {A section presents the same 
load to the generator. In general, an 
open-ended resonant-line section which 
is an odd number of quarter wavelengths 


long exhibits the characteristics of a 
conventional series-resonant circuit and 
so looks like a short circuit to the 
generator. 

The open-ended resonant section may 
be used also to act as nearly pure capaci- 
tance or inductance. Fig. 10-30 shows 
that an open-ended line section less than 
a quarter wavelength long acts as a 
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Fia.10-31 Relationship between voltage, current and impedance for various lengths of a 
short-circuited resonant line. 


see 
a4 2 


long acts as an inductance and so on. 


capacitance; also a section from 


my ; 
In addition a 8 open-ended section acts 


as a capacitive reactance numerically 
equal to the characteristic impedance 
‘Z, and a 2) section acts as an inductive 
reactance numerically equal to Zp. 


B. Short-Circuited Resonant-Line Section 

Fig. 10-31 illustrates the relationship 
between voltage, current and impedance 
for various sections of a short-circuited 
resonant line. 

The quarter-wavelength section 
exhibits the characteristics of a conven- 
tional parallel-resonant circuit with low 
current, high voltage and an impedance 
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maximum. Thus the generator looking 
into a quarter-wave short-circuited sec- 
tion sees a very high impedance or, In 
effect, an open circuit. Similarly the 
3) section presents the same load to the 
generator. In general a short-circuited 
resonant-line section which is an odd 
number of quarter wavelengths long 
exhibits the characteristics of a parallel- 
resonant circuit and so looks like an 
open circuit to the generator. 

The half-wavelength section exhibits 
the characteristics of a conventional 
series-resonant circuit with high current, 
low voltage and a minimum impedance. 
Thus the generator, looking at a half- 
wave shorted section, sees a very low 
impedance or, in effect, the generator 
sees a short circuit. Similarly the full 
wavelength section presents the same 
load to the generator. In general, a 
short-circuited resonant-line section 
which is an even number of quarter 
wavelengths long exhibits the character- 
istics of a conventional series-resonant 
circuit and so looks like a short circuit 
to the generator. 

In addition to acting as conventional 
resonant circuits, resonant  short-cir- 
cuited lines may be also used to act as 
nearly pure capacitance and inductance. 
For example, a short-circuited line less 


A ’ \ 
than 4 acts as an inductance, from = to 


r : 
2 long it acts as a capacitance, and so on, 


ae : : » 
as indicated in the diagram. A 8 shorted- 


line section acts as an inductive reactance 
equal to the characteristic impedance Z,. 


10.11 Characteristics of quarter-wave- 
length and half-wavelength line sections. 


A. The Quarter-Wave Section 
It has been seen from Fig. 10-30 and 
10-31 that in the case of the quarter- 
wave section, different terminations place 
different loads on the generator. The 
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F1a.10-32 Impedance presented to a generator 
by a quarter-wave section with different 
terminations. 


impedance presented to a generator by 
a quarter-wave section with different 
terminations is shown in Fig. 10-32. In 
each case it is important to note that the 
quarter-wave section always inverts its 
load, that is, a short circuit appears as 
an open circuit to the generator; a 
capacitance appears as an inductance; 
a low resistance looks like a high resis- 
tance. Also, any line which is an odd 
number of quarter wavelengths long 
acts like a quarter-wave section. 


B. The Half-Wave Section 


From Fig. 10-30 and Fig. 10-31 it has 
been seen that an open-ended half-wave 
section presents a high impedance to the 
generator and a_ short-circuited half- 
wave section presents a low impedance 
to the generator. In effect the important 
fact is that a half-wave section always 
presents to its generator a load equal 
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Frc.10-33 Impedance presented to a generator 
by a half-wave section with different terminations. 
to its termination. In other words, a 
half-wave section repeats its load. The 
impedance presented to a generator by 
half-wave sections with different termin- 
ations is shown in Fig. 10-33. It follows 
also that a line any multiple of a half 
wavelength long also repeats its load. 


10.12 Construction of transmission 
lines and determination of characteristic 
impedance. There are several distinct 
types of transmission lines in common 
use. These fall readily into the following 
six distinct classifications: 

(i) Single-wire line 
(ii) Two-wire line 
(iii) Twisted pair 
(iv) Shielded pair 
(v) Multi-conductor 
(vi) Concentric. (coaxial) cable. 
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Fia.10-34 Single-wire transmission line. 


A. The Single-Wire Line 


The simplest type of transmission line 
is the single-wire line (Fig. 10-34). The 
single-wire line is not used in Service 
applications to any great extent. This 
is due to the fact that losses by radiation 
are great because the use of a ground 
return does not provide out-of-phase 
radiation to cancel the radiation from 
the single wire. Further, the conduc- 
tivity of the ground plays an important 
part, since rocky, dry or sandy soil 
causes severe attenuation. In addition 
it is difficult to prevent harmonics enter- 
ing such a system and being radiated 
with resulting undesirable interference. 
In emergencies a single-wire line could. 
be employed as it will operate over a | 
fair range of frequencies without serious 
losses. 

The characteristic impedance of a 
single-wire line with air dielectric is 
calculated from the formula: 


2s 
Z, = 138 logi 2 


where Z, = characteristic impedance of 
line in ohms 
s = distance separating centre of 
conductor from ground in 
any linear unit 
d = diameter of wire conductor, 
in the same linear unit. 


B. The Two-Wire Line 


The two-wire parallel conductor trans- 
mission line is the basic type. The two 
wires of the line are maintained parallel 
at a fixed distance by means of insulating 
spacers or spreaders at suitable intervals, 
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Fi1e.10-35 Two-wire transmission line (a) Con- 
struction of line (b) Typical spacer insulators. 


as in Fig. 10-35 (a). Typical insulators 
which are used as spacers are shown in 
Fig. 10-35 (b) and (c). The two-wire line 
is economical, easy to construct and effi- 
cient. It is used for commercial power 
lines, telephone and telegraph lines and 
to connect transmitter to aerial and 
receiving aerial to its receiver. Two- 
wire lines are spaced from 2 to 6 inches 
apart for frequencies of 2814 Mc/s or 
lower. Four inches is maximum spacing 
for frequencies above 2814 Mc/s. 

A typical transmission line used to 
transfer r-f energy from an I-f communi- 
cations transmitter over a considerable 
distance to an aerial is shown in Fig. 
10-36 (a). The method of effecting a 
turn in the line is shown in Fig. 10-36 (b). 

The two-wire line is not used in ship- 
board applications to any great extent 
due to the difficulty of maintaining 


FUNDAMENTALS OF RADIO 


adequate insulation between the wires. 
This is due to the fact that an open-air 
line is easily accessible to salt spray. 

The characteristic impedance of a 
transmission line can be shown to be 
approximately equal to the square root of 
the ratio of inductance to capacitance 
of the line, that is, 


where Z, = characteristic impedance of 
line in ohms 


(0) 


F'1c.10-36 Two-wire r-f transmission line (a) A 
straight run (b) A turn. 
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and L = inductance of line per unit 
length in henries 

C = capacitance of line per unit 
length in farads. 

For a two-wire transmission line it can 
also be shown mathematically that the 
value of inductance and capacitance per 
unit length of this line can be calculated 
from the formulas, 


2s 

1G — Rk, logo a. 
1 

C see ky 95 

oe ae 


where s = distance separating the cen- 
tres of the conductors 
d = the outer diameter of one 
conductor 
and k,; and k» are constants. 
It can be seen from the formulas that 
an increase in the separations of the 
conductors increases the inductance, 
decreases the capacitance, and hence 
increases the value of the ratio of induc- 


C 
characteristic impedance. This is partly 
due to the fact that two wires, closely 
spaced, carrying currents in opposite 
directions, have a very low effective in- 
ductance and partly because the effective 
capacitance is relatively high if the plates 
of the capacitor, that is the twe wires, are 
close together. Similarly if the wire diame- 
ter d is made smaller, in effect the size 
of the capacitor plates are made smaller 
and the capacitance is also made smaller. 
There is also an increase in inductance 
but the charge affects the capacitance 
more than the inductance and hence 


5 L 
tance to capacitance {—]) and so the 


L 
the ratio of ~ is effectively increased and 


C 
so the characteristic impedance is in- 
creased. 

In addition a change in dielectric 
material may also increase the capaci- 
tance and so decrease the characteristic 
impedance. 
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The characteristic impedance of a 
two-wire line with air dielectric is given 
by the formula, 


2 
Z, = 26 logis - 


where s = distance separating centres of 
conductors in any convenient 
linear unit 

diameter of one conductor in 
same linear unit. 

Example 1. Find the characteristic im- 
pedance of a two-wire line made of copper 
tubing } inch in diameter spaced 3 inches 
apart. 


d 


Zo 


276 log 0 


== PANG logio 


I | a) 


4 
276 logio 24 
276 X 1.38021 (from 
log tables) 
380.94 
Therefore, the characteristic impedance 
of the line is 381 ohms. 

Fig. 10-37 shows a characteristic im- 
pedance chart for two-wire air-dielectric 
lines. This chart gives the characteristic 
impedance for lines consisting of various 
types of wire and spacing of the con- 
ductors. Thus the characteristic imped- 
ance for a given line can be read off this 
chart directly. Also the required physical 
dimensions of a line required to provide 
a desired characteristic impedance can 
be read off directly. 

Example 2. From the characteristic 
impedance chart (Fig. 10-37) find Z, 
of a two-wire line of copper tubing } 
inch in diameter spaced 3 inches apart. 

On the horizontal axis locate the 
vertical line corresponding to 3-inch 
spacing. Move vertically along this line 


I 


I 


to the point of intersection with the 


curve for transmission lines made of 
1_inch tubing. Opposite to this point 
read off the characteristic impedance in 
the vertical axis. 

Thus, Z, = 380 ohms. 


Impedance Z (ohms) 


Characteristic impedance 
of parallel-line wires 
Da 


Spacing from centre to centre S (inches) 
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F1c.10-37 Characteristic impedance chart for two-wire air-dielectric line. 


Example 3. From the characteristic 
impedance chart (Fig. 10-37) find the 
spacing required in construction of a 
two-wire line of No. 18 wire to provide 
a characteristic impedance of 600 ohms. 

Locate the intersection of the 600-ohm 
line and the curve representing No. 18 
wire. 

Opposite this point read off the re- 
quired spacing from the horizontal axis. 

Required spacing = 3 inches. 


C. The Twisted Pair 


The twisted-pair transmission line 
usually consists of two rubber- and cloth- 
covered wires twisted together as shown 
in Fig. 10-38. 


Fic.10-38 A twisted-pair transmission line. 


It has been seen (Sec. 10-8) that if the 
separation between the wires of a two- 
wire line is kept small with respect to 
the wavelength there is very little radia- 
tion from the lines. For a twisted pair 
the separation between the wires is very 
small and the radiation is small. The 
resultant radiation from the two-wire 
line depends upon the phase difference 
set up as a result of the separation. 
Because of the frequent twists in a 
twisted pair the effect of this phase 
difference due to wire separation is 
further reduced. Hence the radiation for 
a twisted-pair transmission line is reduced 
and the pick-up of a twisted-pair line 
used to feed a receiver is also reduced. 
This effect can be understood by a 
consideration of Fig. 10-39. An electro- 
magnetic wave cuts the twisted-pair and 
currents are induced in each wire in the 
same direction. The current which 
results from currents induced in sections 
A and B depends on the phase difference 
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Electromagnetic wave 


_ Fia.10-39 Diagram to aid in showing why radia- 
tion from a twisted-pair line is less than from a 
spaced two-wire line. 


introduced by the distance between A 
and B. Thus the current in wire 1 leads 
that in 2 by some value. However, since 
the wires are now twisted the currents 
induced in section C and D are out of 
phase but the current in wire 2 leads 
that in wire 1 by a phase angle which is 
approximately equal to the previous 
phase difference. The same is true for 
all other sections and the resulting 
overall phase difference is reduced to a 
small value and the pick-up current is 
at a small value. For the same reason 
the radiation from a twisted pair is re- 
duced to a very small value. 

In transmission applications the 
twisted pair is used as a non-resonant 
line. A two-wire line composed of 
twisted rubber-covered wire can be con- 
structed to have an impedance approxi- 
mately equal to that at the centre of a 
half-wave aerial, that is 73 ohms. Thus 
this type of line (Fig. 10-40) can be 
connected directly to the centre of the 
aerial. Any matching discrepancy which 
may exist between the line and aerial 


an 


Any length 


Transmitter 
output 


Fic.10-40 Method of connecting a twisted- 
pair line to a dipole. 
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impedance can be compensated for by a 
slight fanning out of the line where it 
connects to the two halves of the aerial. 
The twisted line is a convenient type to 
use, since it is easy to install and the r-f 
voltage on it is low because of its low 
impedance. This makes insulating a 
relatively easy matter. The twisted pair 
is used as a non-resonant line for low- 
frequency transmission. It is not used 
at the higher frequencies because of the 
high losses occurring in the rubber 
insulation. These excessively high losses 
also make its use practical over only 
very short distances at low frequencies. 
Its chief advantage is that it may be 
used where more efficient lines are not 
possible because of space and mechanical 
considerations. 

The twisted pair is particularly useful 
to connect aerial to receiver as no great 
dielectric strength is required of the 
insulation in such applications. Further, 
full advantage is taken of the low pick-up 
of this line. 

The characteristic impedance of a 
twisted-pair line may be determined if 
a knowledge of the effect of the dielectric 
is known. 


D. The Shielded Pair 


The shielded pair consists of two parallel 
conductors separated and maintained a 
fixed distance apart by means of insulat- 
ing spacers such as polystyrene or sur- 
rounded entirely by an insulating dielec- 
tric material. A copper-braided tubing 
surrounds the insulating material to form 
a shield for the wires. This is in turn 
surrounded by a rubber coating to pro- 
tect the line against moisture and 
friction. 

A very simple shielded pair is shown 
in Fig. 10-41 employing two conductors 
and ashield with cotton covering forming 
the insulation. The cable shown in Fig. 
10-42 is a high-frequency low-loss cable 
and is constructed of two No. 18 solid 
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Fia.10-41 A shielded pair of simple 
construction. 


tinned copper wires strung with poly- 
styrene beads. The ball and socket 
design of the beads permits bending the 
cable without breaking the polystyrene 
and without baring the conductors; it 
also keeps the conductors parallel even 
around bends. The cable shield is 
usually made of several strands of copper- 
wire mesh. The characteristic impedance 
of such cable is of the order of 1502. 
The advantage of the twisted pair is 
that the two wires are balanced to ground, 
that is, the capacitance between each 
wire and ground is uniform along its 
entire length. This balance is obtained 
by means of the grounded shield. This 
shield thus further reduces radiation and 
pick-up of stray fields. This can be 
explained by a consideration of the 
shielding action. If an unshielded line is 
not to radiate the currents in each con- 
ductor must be equal in amplitude so that 
equal and opposite fields are set up which 
eancel. This requirement is obtained 
only if the line is situated in the clear, 
away from all grounded metal objects, 
and if the distance between the wires 
is small. However, if the line runs near 
some grounded conducting surface one 
of the wires is nearer to it than the other. 
As a result a capacitance exists between 
that wire and the grounded object which 
differs from the capacitance between the 
other wire and the object producing an 
unbalance. These capacitances act as 
parallel conducting paths for each wire 
of the line and the current flow through 
one is greater than through the other. 
In this way the current in one wire of 
the line is made different from that in 
the other. This inequality results in 
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F1q.10-42 An h-f low-loss shielded pair. 


incomplete cancellation of radiation. The 
shield of the shielded-pair reduces the 
effect of surrounding metallic objects 
by maintaining a fixed balanced capaci- 
tance to ground for each wire. In this 
way the shield reduces radiation losses 
and pick-up to a minimum. 


E. Multi-Conductor Lines 


1. THe Four-WIRE LINE. 


Another method of obtaining balance 
in a line without the use of a shield is by 
means of four wires. In the four-wire 
line (Fig. 10-43) the opposite wires are 
connected to each other. In this way 
any metallic object near one wire is 
also close to one wire of the other 
pair. Thus the tendency towards un- 
balance is reduced and the current in one 
pair is nearly the same as in the other. 
As a result the radiation is less than for 
a two-wire line but greater than for a 
shielded pair. 

The characteristic impedance of the 
four-wire line with air dielectric is given 
by, 


2s 


Z, 138 logio ie 21. 


where s = spacing between adjacent 
wires 


d 


diameter of wire. 


S en 


Fr1a.10-43 Cross-section of a four-wire line. 
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1. Rigi Coaxtay LINE. 


The development of the five-wire line 
+ weary led to the construction of the concentric 
ransmission line ; : ; ‘ 
pole or coaxial line which provides very effi- 
cient operation even at extremely high 
frequencies. The coaxial line (Fig. 10-45) 
consists of a cylindrical conductor inside 
of, and coaxial with, an outer tubular 
conductor. The inner conductor of a 
rigid coaxial line is held at the centre of 
the outer conductor by insulating spacers, 
Fig. 10-46 (a), situated at regular inter- 
vals. The inner conductor may be 
solid, tubular or multi-strand. The 
spacers are made of pyrex, polystyrene, 
steatite or similar material with good 
mechanical strength, good insulating 
properties and low power loss character- 
istics. 
The main purpose of the coaxial line 
is to reduce radiation losses to a minimum 
and at the same time reduce other line 


Frame grounding 
wire 


Fia.10-44 Cross-section of a five-wire line. 


2. THe Five-Wire LINE. 

Some shore installations make use of 
a five-wire line to reduce unbalance and 
provide an even better shielding effect 
than that provided by the four-wire line. 
The five-wire line (Fig. 10-44) consists of 
four outside wires, A, B, Cand D and a 
central conductor E. The four outside 
wires are supported by means of a square 
metal frame mounted on the transmission 
line poles. This frame is also grounded 
by a length of wire from frame to ground, 
thus placing the outer conductors at 
ground potential to improve the line 
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F1c.10-46 Coaxial transmission lines (a) Rigid 


Fic.10-45 Construction of coaxial line (a) Rigid 
line with insulating spacers (b) Flexible line with 
solid dielectric. 


line (b) Flexible line using beaded insulators (ce) 
Flexible solid-dielectric line. 
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losses to an extremely low value. The 
latter is effected by means of the shape 
and size of the conducting surfaces. The 
former is effected by the complete 
shielding of the inner conductor. The 
outer conductor is operated at zero 
potential by grounding it conveniently 
usually at its external supports. This 
conductor then provides a complete 
shield for the inner conductor and radia- 
tion losses are extremely small. 

The concentric line finds wide appli- 
cation in radar equipments and it is 
used for frequencies ranging from 100 
to 3000 Me/s. Bolted or screwed cou- 
plings are used to join sections of a rigid 
coaxial line. 

One of the main shipboard disadvan- 
tages of concentric line is that 1t must 
be kept dry to prevent excessive leakage 
between the conductors. In practice the 
lines are sometimes filled with dry nitro- 
gen maintained at a pressure of 5 to 
30 lbs. to prevent condensation and keep 
the line dry. The pressure ensures that 
all leakage is outward. Thus all such 
lines and joints must be gas-tight. This 
provides one of the greatest difficulties 
since it is difficult to maintain tight 
joints due to vibration. Vibration 1s also 
responsible for many cracked seams in 
coaxial feed lines. 

In general, the main advantage of the 
coaxial line is the excellent shielding that 
is obtained and the line’s increased effi- 
ciency. However in shipboard installa- 
tions its greatest advantage is its 
immunity to weather conditions. 

The characteristic impedance of a 
rigid air dielectric concentric line is given 
by the formula, 


Z, = 138 log Ee 
d 


where Z, = characteristic impedance in 
ohms 
inner diameter of outer con- 


ductor in any convenient 
linear unit 


D 
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Fic.10-47 Characteristic impedance chart for 
rigid coaxial lines of various dimensions. 


and qd = outer diameter of inner con- 
ductor in the same unit. 
Fig. 10-47 is a chart which gives the 
characteristic impedance of a concentric 
line of given physical dimensions. The 
chart also provides a method of selecting 
line dimensions for a desired characteris- 
tic impedance. 
Example. Find the characteristic impe- 
dance of a line having D = 0.51 inches, 
d = 0.16 inches. 
UsinG CHART 


Ratio of 2 = BP 


Thus from the chart 
Z;, = 70,ohms. 
Usina FoRMULA 
138 log 3.2 
138 X 0.50515 
69.7 

Z, = approximately 70 ohms. 
2. THE FLEXIBLE CoAxIAL LINE. 
The solid dielectric coaxial transmission 
line is shown in Fig. 10-45 (b) and Fig. 
10-46 (b). The dielectric is stabilized 
polyethylene or telcothyne material or a 
mixture of polyisobutylene and other 
materials. The dielectric is applied 
tightly around the centre conductor. 
The outer conductor or shield consists 
of a plain or tinned copper mesh and it 


Zo = 


I 
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is applied to fit tightly around the 
insulating dielectric. If the line is to be 
used under conditions where shielding is 
critical, a double-wire braid or a lead 
sheath is used. The cable is enclosed in 
a tough, flexible protective covering over 
the outer conductor or shield. 

The solid dielectric lines are much 
more flexible than gas-filled lines and so 
can be used for many purposes where it 
is impractical to use other types. The 
solid dielectric line is much easier to 
connect and after connection it provides 
a nearly continuously uniform line 
throughout its length. 

With a dielectric other than air the 
formula for the characteristic impedance 
must take into account the dielectric 
constant of the material, since the capa- 
citance of the line is changed with a 
change in dielectric. Thus the formula 
becomes, 


D 
138 log — 
38109 


Z, = ke 


where k = constant which depends on 
factors involving the dielec- 
tric. 

The constant k is greater than unity 
and thus it is apparent from this formula 
that the characteristic impedance of a 
solid dielectric line is lower than that of 
a corresponding air dielectric line. 

A second common type of flexible 
coaxial line is shown in Fig. 10-46 (c). 
This line employs beaded spacers to 
hold the inner conductor in position. 
Beaded insulation is preferable to a 
solid dielectric because dielectric losses 
are less. This is due to the fact that with 
beaded insulation there is less solid 
dielectric present. The beads are often 
made of ceramic materials but at fre- 
quencies of the order of 3000 Mc/s they 
are made of polystyrene. Polystyrene 
beads break down from high voltages. 
This breakdown occurs at the beads as a 
result of the concentration of the electric 
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field in the minute air spaces between 
the beads causing the air to ionize first. 
Carbonization of the polystyrene by the 
ionization is a permanent fault which is 
not self healing after the high voltage is 
removed. A further disadvantage in 
some installations is that dust and con- 
densed moisture on the beads provide a 
leakage path. 


10.13 Applications of resonant sec- 
tions. 


A. Transmission-Line Oscillators 


An important application of resonant 
transmission-line sections is their use as 
circuit components for high-frequency 
oscillators. Since a short-circuited 
quarter-wave section exhibits the charac- 
teristics of a conventional parallel 
resonant circuit, such a section may be 
used to replace the ordinary coil-capacitor 
tank circuits of conventional oscillators. 
A typical push-pull transmission-line 
oscillator designed to operate at 120 
Mc/s is shown in Fig. 10-48 and Fig. 
10-49. The anode tank circuit consists 
of quarter-wave brass tubes. This 
resonant-line section provides required 
lumped inductance and capacitance to- 
gether with the additional capacitance of 
C, to make the line resonant at 120 Mc/s. 
The large conducting surface of the tank 
lines provide relatively low high- 
frequency ohmic resistance. Further, the 
rigidity of construction ininimizes the 
effect of mechanical vibration on the 
frequency. In addition, the currents in 
the two parallel rods are at any instant in 
opposite directions and hence their mag- 
netic fields cancel. Thus this reduces 
radiation losses and lowers radiation 


resistance. Since the resistance losses 


: ol , 
are very low the Q of the line, Rs 


high. 
The Q of a two-wire line is a maximum 


if s 
= = 6.19 
d 


10:34 


Pick-up line 
above and insulated +H.T. 
from the tank 
circuit lines 


SS an 

To Je) 
transmission 
line 


—H.T. 


Fia.10-48 Circuit of a push-pull transmission- 
line oscillator designed to operate at 120 Mc/s. 


where s = the distance separating 
centres of conductors 
d = the outer radius of one 


conductor. 
The Q of a concentric line is a maxi- 
mum if 


D 
ri 4.22 
where D = the inner diameter of the 
outer conductor 
d = the outer diameter of the 


inner conductor. 

The advantages of resonant-line sec- 
tions used as tuned circuits in oscillators 
are high Q, low losses and efficient 
oscillation at frequencies above those 
which are readily attainable with con- 
ventional tank circuits. 

Transmission-line sections which are 
used as tuned-circuit elements are often 
referred to as Lecher lines. 


B. The Quarter-Wave Shorted Section as 
an Insulator 


The fact that a quarter-wave section, 
with its output end short-circuited looks 
like an infinite impedance to the source 
makes such a section very useful as an 
insulator. For example, when a two- 
wire non-resonant line is to be run from 
a transmitter to an aerial as shown in 
Fig. 10-50 it is often convenient to use 
quarter-wave sections as insulators in 
effecting a turn in the transmission line. 
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Fia.10-49 Photograph of the oscillator of Fig. 
10-48. 


The quarter-wave section connected to 
the line at AA’ is short-circuited at BB’ 
Thus the energy being transferred along 
the transmission line to the aerial sees 
an infinite impedance presented by the 
quarter-wave section and therefore no 
current is diverted from the main line. 
Thus the non-resonant transmission line 
is insulated from the deck. 

A quarter-wave section may also be 
used as an insulator to support and space 
a parasitic reflector one quarter wave- 
length from a driven dipole (Fig. 10-51). 
The purpose of the reflector is to cause 
all the energy from the dipole to be 
radiated away from the dipole on the 
side opposite to the reflector. When a 
concentric line is used as a feed line a 
quarter-wave section of the line may be 
employed as shown. 

Another application of the quarter- 
wave shorted section as an insulator is 
shown in Fig. 10-52. It has been found 
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_ Fra.10-50 Use of a quarter-wave section as an 
insulator in effecting a turn in a transmission line. 
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Fic.10-51 Use of a quarter-wave section to 
support and space a parasitic reflector. 


that the ceramic disks used as spacers 
to hold the centre conductor of a con- 
centric line in position are not efficient 
insulators at very high frequencies around 
3000 Mc/s. In some applications there- 
fore, where the line is operated at one 
frequency only quarter-wave shorted sec- 
tions are placed along the line as shown 
in the diagram to hold the inner con- 
ductor in position. 


C. Quarter-Wave Sections as Wave Filters 


Quarter-wave line sections can be used 
as wave filters to suppress even harmonic 
frequencies of the fundamental frequency. 
Suppose a transmitter which is operating 
at 100 Mc/s on test is found to radiate 
harmonics of 200 Mc/s and 300 Mc/s 
in excessive amount. A quarter-wave 
section can be used as a wave filter to 
reduce this harmonic radiation. 

From Fig. 10-31 it can be seen that a 
quarter-wave shorted section acts as a 
parallel-resonant circuit and so offers 
maximum impedance to its fundamental 
frequency, for example, 100 Mc/s. At 
the frequency of the 2nd harmonic, twice 
the fundamental, the quarter-wave sec- 
tion now becomes a half-wave section 
and from Fig. 10-31 it can also be seen 
that a shorted half-wave section offers 
zero impedance at its input end. Similarly 
at the frequency of the 4th harmonic the 
quarter-wave section becomes a full- 
wave section and offers zero impedance 
to this frequency. This principle is made 
use of in Fig. 10-53 to eliminate even 
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Fia.10-52 Use ef a quarter-wave section to 
support and insulate the inner conductor of a 
coaxial line. 


harmonics. The resonant wave filter 
shown is one quarter wavelength long at 
the fundamental frequency and offers a 
maximum impedance to current at this 
frequency. However, at the 2nd _ har- 
monic frequency it is one half wavelength 
long and the section offers almost zero 
impedance to the current at this fre- 
quency and effectively grounds it. 
Similarly the 4th and other even har- 
monics are effectively grounded and do 
not reach the aerial to be radiated. The 
quarter-wave filter may be connected 
anywhere across the non-resonant trans- 
mission line. 

This method of wave trapping cannot 
be used for the odd-multiple harmonics. 
The quarter-wave section at the funda- 
mental frequency now becomes a 3A 
section at the frequency of the 3rd 
harmonic. Thus this section also pre- 
sents a high impedance at this and all 


Dipole 


Transmitter [—_____ 


Non-resonant 
transmission line 


Shorted quarter-wave 2s 
section wave filter 


>= 


Fig.10-53 Use of a shorted quarter-wave sec- 
tion as a wave filter. 
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Fic.10-54 Use of an open-ended quarter-wave 
section as a wave filter. 


other odd harmonies and no filtering 
action results. 

An open-ended quarter-wave section 
may also be used as a wave filter. Such 
a section is inserted in the line as shown 
in Fig. 10-54. An open-ended quarter- 
wave section presents a load that looks 
like a short circuit to the fundamental 
frequency, However, the 2nd harmonic 
sees an open circuit or infinite impedance 
since at this frequency the section is one 
half wavelength long. For a similar 
reason, an infinite impedance is_ pre- 
sented to each even harmonic frequency. 
Thus this quarter-wave open-ended filter 
passes the fundamental frequency and 
each odd harmonic along the line. 


D. Shorted Sections as 
Impedance-Matching Devices 


1. Resonant Line To NON-RESONANT 

LINE. ! 

A quarter-wave shorted section may be 
used to match a resonant line to a non- 
resonant line as shown in Fig. 10-55 (a). 
To make the input line non-resonant it 
must be terminated in its characteristic 
impedance and this is accomplished by 
correct setting of the tapping points, 3, 4. 
This can be understood by a considera- 
tion of the equivalent conventional 
resonant circuit, Fig. 10-55 (b). If the 
line voltage is applied across 3, 4 the 
circuit remains, for all practical purposes, 
in resonance but the impedance pre- 
sented to the line is lower. Hence by 
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Fic.10-55 Use of a shorted quarter-wave sec- 
tion to match a non-resonant line and a resonant 
line (a) Method of connection (b) Equivalent 
circuit. 


correct selection of tapping points 3, 4 it 
is possible to terminate the line in a 
purely resistive load matched to its 
characteristic impedance. 

Thus, in Fig. 10-55 (a), in order to 
terminate the non-resonant line in its 
characteristic impedance, it is only neces- 
sary to adjust the position of tapping 
points 3, 4. If the tapping points are 
set at the shorting bar the terminating 
impedance is zero. As the tapping 
points are moved along the quarter-wave 
section the impedance increases. The 
impedance presented to the non-resonant 
line is resistive as the section is tuned. 
The section is tuned before the tapping 
points are adjusted. The output to the 
resonant line is taken from points 1 and 
2 where the impedance and voltage are 
a maximum. 

2. RecrIver To Input LIne. 

The method of matching a receiver to 
an r-f line depends upon the type of input 
circuit used in the receiver. One common 
input circuit employs a quarter-wave 
shorted transformer to match the coaxial 
input line to the grid circuit as shown 
in Fig. 10-56 (a). The simplified equiva- 
lent circuit is shown in Fig. 10-56 (b). 
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Fic.10-56 Use of ashorted quarter-wave trans- 
former to match a coaxial input line to a valve 
grid circuit (a) Method of connection (b) Simplified 
circuit. 


For maximum signal input the distances 
_ d, and d2 are chosen so that the coaxial 
line is terminated in its characteristic 
impedance. In practice the coaxial line 
is terminated in a resistance which is 
slightly greater than the characteristic 
impedance of the line to improve the 
signal-to-noise ratio. Thus the charac- 
teristic impedance of the line which is 
relatively low is transformed to a high 
impedance to match the high input im- 
pedance of the valve. 

3. Haur-Wave SEcTION SHORTED AT 

Boru ENDs. 

A half-wave section shorted at both 
ends used to match an aerial to a non- 
resonant line is shown in Fig. 10-57. The 
standing waves of current and voltage 
are also shown in the diagram. The line 
from the transmitter sees the impedance 


Zaz which is equal to the value of 7 


at that point. Thus the tapping points, 
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Fiq.10-57 Use of a half-wave section shorted 
‘ both ends to match an aerial to a non-resonant 
ine. 


A and B, may be adjusted so that the 
line is terminated in its characteristic 
impedance. The greatest impedance 
occurs at GF, the centre points of the 
half-wave section, and the minimum 
impedance occurs at the shorting bars. 
Since the upper half repeats the imped- 
ance of the lower half there are two 
positions on the half-wave section which 
have the same impedance. Either of 
these positions may be used, the only 
difference being that the current in one 
half is 180° out of phase with that in 
the other half. The aerial is connected 
across C and D and the position of the 
tapping points adjusted to match the 
aerial impedance for maximum transfer 
of energy. 


E. Open-Ended Sections as 
Impedance-Matching Devices 


1. THE QUARTER-WAVE TRANSFORMER, 


An open-ended quarter-wave section, 
usually referred to as a quarter-wave 
transformer, can be used to match one 
transmission line to another transmission 
line which has a different characteristic 
impedance, or to match a transmission 
line of one characteristic impedance to 
an aerial with a different impedance. 

It can be shown mathematically that 
the input impedance, Z,, of an open- 
ended quarter-wave section (Fig. 10-58) 
is equal to the square of the characteristic 
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F1c.10-58 A quarter-wave transformer. 


impedance divided by the impedance Zr 
at its receiving end. 


Z 2 

Co 

Thus, Ss ie 
where Zs = the input impedance 


the characteristic imped- 


ance 


Z, 


Zp = the terminating impedance 
or load. 

From this formula it can be readily seen 
that the quarter-wave transformer can be 
put to practical use when it is necessary 
to match a line of one impedance to a 
load of a different impedance (Fig. 10-59). 
To do this the characteristic impedance 
of the quarter-wave transformer which 
forms the matching section can be cal- 
culated from the formula, 


Z, a VLEXL, 
where Z, = the characteristic imped- 


ance of the quarter-wave 
matching section 
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Fic.10-59 A quarter-wave transf 
match a 500 line to a 72Q dipios oe a 
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F1a.10-60 A quarter-wave transformer used to 
match a 6002 line to a 4000 line. 


and Zs = the input impedance, that 
is, the characteristic im- 
pedance of the transmission 
line 
Zr = theterminating impedance, 
that is, the impedance of 
the dipole. 


Example 1. Find the characteristic 
impedance of a quarter-wave transformer 
required to match a 500Q transmission 
line to a 72Q dipole (Fig. 10-59). 
Zo aa Vg XZR 
V500 X72 
= 190 
Therefore, the characteristic imped- 
ance of the matching section is 190 ohms. 


Thus the transmission line sees an 

. . . Laws . 

impedance which is equal to Zz. that is, 
R 


2 
72 


Also the dipole sees an impedance which 
2 


re: 9198 
Z." that is, 500 OF 72 ohms. 


Hence a complete match is effected, 
maximum transfer of energy results and 
no reflections occur. 

Example 2. Find the characteristic 
impedance of a quarter-wave transformer 
required to match a 600Q transmission 
line to a 400 transmission line (Fig. 
10-60). 


or 500 ohms. 


is equal to 


Lig = wWLeXoe 
V600 x 400 
= 490 
Therefore, the characteristic impedance 
of the matching section is 4900. 


l| 


2. OpEN-ENDED HaLr-wavE SECTIONS. 


Since a half-wave section repeats its 
load, that is, presents to its generator a 
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Fie.10-61 A half-wave section used to connect 
a generator of impedance 500 to a load of equal 
impedance. 


load equal to its termination regardless 
of the characteristic impedance, it can 
be used as a 1-to-1 transformer. Thus 
a half-wavelength section, or any mul- 
tiple thereof, can be used to connect a 
generator toa load when their impedances 
are equal to each other, 5002 each in 
Fig. 10-61. Further, if the impedances 
of the generator and the load do not 
differ too greatly from each other they 
may be connected by a half-wavelength 
line, or multiple thereof, whose charac- 
teristic impedance does not differ too 
greatly in value from the impedances to 
be connected. For example, line 1 (Fig. 
10-62) with an impedance of 550 ohms 
may be connected to a load of 650 ohms 
by means of a 600-ohm half-wavelength 
section. The impedance match obtained 
in this case is suitable for most practical 
purposes. 


F. Stub Lines 


1. SINGLE-StuB TUNER. 


A simple method of matching an 
aerial to the characteristic impedance of 
a transmission line in radar equipments 
using open-wire lines employs a short- 
circuited movable stub (Fig. 10-63). The 
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F1a.10-63 A short-circuited movable stub used 
to match a line to an aerial. 
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Fic.10-62 A half-wave section used to connect 
a generator to a load of somewhat different 
impedance. 


stub line is connected across the main 
transmission line Z, near the load end. 
Although both open-ended and _ short- 
circuited stubs may be used the latter is 
usually employed as it is stronger, easy 
to build and support and has lower losses. 

To eliminate standing waves on the 
main transmission line £, the stub is 
placed across the line at points AB such 
that the line sees a load equal to its 
characteristic impedance Z,. The imped- 
ance across A B is made up of the imped- 
ance of the stub line connected in parallel 
with the impedance of the line LZ». When 
such a match is effected, reflections and 
standing waves are eliminated from the, 
main line between the generator and the 
stub. Since the standing waves on the 
part of the line Z. between the stub 
and the load are not eliminated the stub 
must be located close to the load. The 
tapping points AB must be selected such 
that the impedance across AB has a 
resistive component equal to Z, together 
with a reactive component. The reactive 
component is represented in the equiva- 
lent circuit of Fig. 10-64 by X, and 
occurs even if the load impedance Zz is 
a pure resistance since it is not matched 
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Fia.10-64 Equivalent circuit of the stub match 
of Fig. 10-63. 
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Fic.10-65 Graph of stub match dimensions 
and standing-wave ratio. 


to the impedance Z, of L;. The short- 
circuited stub which is usually made less 
than one quarter wavelength long must 
exhibit an impedance which is reactive 
and opposite in sign to the reactive 
component of Ly. Thus the impedance 
of the stub is represented in Fig. 10-64 
by X,. The position of the shorting bar 
CD on the stub is adjusted until X,; = 
X, and a pure resistance which is equal 
to Z, results across AB and so the line 
L, is terminated in its characteristic 
impedance at AB. 

To effect this match the location of 
the points A and B must be found and 
the correct adjustment of the shorting 
bar CD must be made. These two adjust- 
ments are difficult and tedious to make 
by the experimental method of cut and 
try. However, the approximate stub 
length and position can be obtained 
from the graph of Fig. 10-65 and then 
fine adjustments can be made to obtain 
optimum impedance match. To use the 
graph of Fig. 10-65 it is necessary to 
find the standing-wave ratio that exists 
on the line. This can be done by locating 
the voltage maximum nearest the load, 
that is, by means of an r-f voltage indi- 
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Fi1c.10-66 Use of stub to match a line to its 
load (a) Standing wave of voltage before match- 
ing (b) Position and dimensions of stub and stand- 
ing wave of voltage after match is set up. 


cator and the voltage minimum a quarter- 
wavelength from this maximum point. 


. . . max 
Then, the standing-wave ratio is ile 
min 


The stub length and position can then 
be determined directly from the graph. 
Example. Find the required stub length 
and position required to effect a match 
given Emac = 300 volts and Emin = 50 
volts. 

Standing-wave ratio= = = 6 
Then from the graph, the shorted stub 
length is 0.07 and the position of the 
stub is 0.196 from Ena. 

The stub position is measured from the 
voltage maximum toward the generator 
for a short-circuited stub and from the 
voltage maximum toward the load for 
an open-circuited stub. 

The relative location of the short- 
circuited stub in the above example is 
shown in Fig. 10-66 together with the 
standing waves of voltage which appear 
on the line before and after the stub 
is connected. 

2. DouBLEe-STuB TUNER. 

The single-stub tuner is suitable for 

open-wire lines but is not applicable to 
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Fia.10-67 Double stub tuner to match a coaxial 
line to a generator. 


coaxial lines because it is not practical 
to build a stub which can be moved 
along a coaxial line. However, the 
principle of stub matching can be applied 
to coaxial lines by using two stubs (Fig. 
10-67) which are adjustable in length 
but fixed in position. This matching 
device is called a double-stub tuner and 
the stub lengths are adjusted by means 
of a movable shorting plunger. The 
movable plunger makes contact with 
both the inner and outer conductors of 
the coaxial stub. The separation of the 
stubs is sometimes one quarter wave- 
length but usually it is three eighths of a 
wavelength. The adjustment of the 
second stub adds inductance or capaci- 
tance to the line and so varies the position 
of the standing waves. This produces 
the same effect as if the first stub were 
moved along the line. 


G. Transmission Lines as 
Phase Shifters and Inverters 


1. PHASE SHIFTERS. 


A non-resonant transmission line may 
be used as a phase-shifting device when 
it is necessary to operate two or more 
aerial elements with a phase difference 
between them. The phase difference is 
obtained by employing transmission lines 
of different lengths from the transmitter 
to the aerial elements as shown in Fig. 
10-68. The diagram shows the travelling 
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_ Fic.10-68 Use of non-resonant transmission 
line as a phase-shifting device to operate out-of- 
phase aerial elements. 


wave of voltage along the transmission 
lines and it is evident that there is a 
progressive phase shift per wavelength 
along each line. Thus the current in 
aerial 1 leads that in aerial 2 by 180° 
since line 2 is one half wavelength longer 
than line 1. This phase difference is 
dependable only in non-resonant lines, 
that is, only when no standing waves 
exist on the lines. Fig. 10-69 shows two 
aerial elements which form an aerial 
array. These elements are\fed by two 
separate transmission lines, with the line 
feeding element 2 one quarter wave- 
length longer than the line-feeding ele- 
ment 1. Thus a 90° phase shift between 
the current in element 1 and that in 
element 2 is introduced. Similarly, pairs 
of aerial elements can be driven in the 
same phase by connecting the pairs at 
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Fig.10-69 Non-resonant lines feeding a two- 
element aerial array. 
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Fia.10-70 Method of feeding pairs of aerial 
elements in phase by means of a non-resonant 
line. 


r te? : 
intervals of 9 along a transmission line 
with reversed connections as shown in 
Fig. 10-70. At intervals of 3 along the 


line the voltage has opposite phases and 
the reverse connections serve to drive 
the elements in phase. 


2. PHASE INVERTERS. 


It has been shown in section 10.13 E 
that a half-wavelength resonant-line 
section or any multiple thereof, can be 
used as a 1:1 transformer. In a trans- 
former the secondary voltage is 180° 
out of phase with its primary voltage, 
Fig. 10-71 (a). Thus a half-wave section, 
or any odd multiple thereof, can be used 
to invert the voltage, the output voltage 
being 180° out of phase with the input 
voltage, Fig. 10-71 (b). 


H. Coaxial-Line Balance Converters 


In radar eqiipments it often becomes 
necessary to conhect a coaxial line which 
is unbalanced to ground to a balanced 
line such as a shielded pair. Further, it 
is often desirable to transform the 
balanced line output from a transmitter 
which is cbtained from a two-wire pick- 
up line to an unbalanced output so that 
a coaxial cable may be used as a trans- 
mission line to the aerial. A direct 
connection between unbalanced and 
balanced lines would produce a discon- 
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tinuity in the electrical characteristics 
of the line. This condition would in turn 
produce reflections, a high standing-wave 
ratio and increased radiation loss. How- 
ever, two such lines can be successfully 
connected by means of either a sleeve 
transformer or a trombone transformer. 
1. THE SLEEVE TRANSFORMER. 

The sleeve transformer, often referred 
to as a bazooka or choke, is simply a 
quarter-wave section and utilizes the 
principle that such a section inverts 
its load. 

In the unbalanced coaxial line, the 
outer skin of the outside conductor is at 
ground potential, while the outer skin 
of the inner conductor is off ground 
potential and has a high impedance to 
ground. In the balanced two-wire line 
both conductors are off ground potential 
and exhibit a high impedance to ground. 
Thus, the sleeve transformer must cause 
the outer skin of the outside conductor 
of the coaxial line to exhibit a high 
impedance to ground at the point where 
it is to be connected to one wire of the 
balanced line. 

To accomplish this, a quarter-wave 
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Fre.10-71 Phase relationship between input 
and output voltages of a transformer and a half- 
wave section (a) Transformer (b) Half-wave 
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Fig.10-72 Quarter-wave sleeve transformer (a) 
Construction (b) Method of connection (c) 
Equivalent circuit. 


shield is placed around the end of the 
coaxial line. This shield is connected 
and bonded firmly to the outer conductor 
of the coaxial line one quarter wavelength 
from the end of the line, Fig. 10-72 (a). 
Thus this shield and the outer conductor 
of the coaxial line form a quarter-wave 
section shorted at one end. Owing to 
the inverting action of a quarter-wave 
section there is a high impedance between 
A and B, Fig. 10-72 (b). Thus point A 
is isolated from ground and it can be 
connected to one wire of the balanced 
line. In this way, both wires of the 
two-wire line have a balanced high 
impedance to ground. 

In effect the action of the sleeve 
transformer is similar to that of a 1:1 
ratio transformer, with one primary lead 
grounded and with the secondary centre- 
tapped to ground. This equivalent 
circuit is shown in Fig. 10-72 (c). 
Typical sleeve transformers are shown 
in Fig. 10-73. Fig. 10-73 (a) shows a 
sleeve transformer which is used to 
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Fiac.10-73 Use of sleeve transformers (a) to 
connect a shielded two-wire line to a coaxial line 
(b) to transform an unbalanced line to a balanced 
line feeding a dipole. 


connect a shielded two-wire line to a 
coaxial line. Fig. 10-73 (b) shows a 
typical sleeve transformer used to trans- 
form a coaxial line to a balanced line 
required to feed a 3 cm. dipole. 
2. THE TROMBONE TRANSFORMER. 

When a flexible coaxial cable is used 
to feed a dipole it is often most con- 
venient to provide correct match of the 
unbalanced cable to the balanced aerial 
by means of a line balance converter 
made of the coaxial cable itself. Such a 
line balance converter is called a trom- 
bone transformer. Fig. 10-74 is a photo- 
graph of a flexible coaxial-cable trombone 
transformer which is used to transform 
the unbalanced cable to feed the balanced 
folded dipole of a Yagi array. Fig. 
10-75 (a) and (b) show the physical 
and schematic diagrams illustrating how 
such a transformer may be used to 
convert from an unbalanced line to a 
balanced line. 

The voltages of the two conductors 
in the balanced line, Fig. 10-75 (b), are 


Frc.10-74 A flexible coaxial-cable trombone 
transformer used to connect an unbalanced cable 
to the balanced folded dipole in a Yagi array. 


180° out of phase relative to ground as 
shown at A. A half-wavelength away 
at B the voltages have reversed, that is, 
the voltage along each conductor changes 
in phase by 180°. 

At C one conductor is lengthened one 
half wavelength by means of the trom- 
bone transformer and so the voltage at 
the end of the lengthened conductor is 
in phase with that of the other conductor. 
Thus, the ends of the two conductors may 
now be connected together and an un- 
balanced line may be connected with 
its centre conductor joined to this 
junction. The currents of the two con- 
ductors of the balanced line add at C 
and flow together through the unbalanced- 
line centre conductor. The voltage 
supplied to the dipole by the balanced 
line is twice the voltage supplied to the 
balanced line by the unbalanced line. 
The transformation ratio is therefore 2:1 
and the impedance ratio is 4:1; the 
equivalent circuit is shown in Fig. 10-75 
(c). The output impedance of the trom- 
bone is usually matched to the impedance 
of the folded dipole by means of a 
quarter-wave section of proper imped- 
ance (Sec. 10.13 E) inserted between 
the output of the trombone and the 
folded dipole as shown in Fig. 10-75 (a). 


I. Quarter-Wave Sections in 
Rotating Joints 


When a radar aerial is to be rotated 
in azimuth, a rotating joint is provided 
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Fig.10-75 Trombone transformer used to 
connect an unbalanced line to a balanced line (a) 
Method of connection (b) Detailed connection 
diagram (c) Equivalent circuit. 
in the aerial transmission line so that it 
is not necessary to rotate the entire set. 
In equipments employing open-wire 
transmission lines, an inductive coupling 
is often used. This coupling (Fig. 10-76) 
consists of two circular coils of one turn 
each mounted horizontally and parallel 
to each other. One coil turns with 
respect to the other without changing 
their mutual inductance appreciably. 
Each coil is shunted by a capacitor and 


~ — Rotating couple 


_ F1a.10-76 Inductive coupling in a rotating joint 
in a transmission line. 
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_ Fia.10-77 Quarter-wave section as a rotating 
joint in a coaxial line. 


the coupling is in effect a 1:1 ratio 
transformer. 

The rotating joint used in coaxial 
cables is shown in Fig. 10-77. To con- 
struct such a rotating joint the coaxial 


, : ; d 

cable is cut and a cylindrical hole 4 
in depth is drilled in the inner conductor 
: oT; ar Le 

on one side of the joint. A cylindrical 4 


pin is attached to the inner conductor on 
the other side of the joint and it is of 
such size and length that it fits into the 
hole without touching the sides or 
bottom. The stationary outer conductor 
is fitted with a collar or concentric 
sleeve which surrounds the rotating outer 


r 
conductor as shown. This collar is also 1 


long and since this quarter-wave line 
section is open at its far end a low 
impedance is reflected at B and the 
outer conductor is thus made continuous 
for r-f. Similarly the inner conductor 
has a quarter-wave section added which 
is open at its far end and hence a low 
impedance is reflected at its input end A. 
Therefore the gap in the inner conductor 
at point A is in effect short circuited and 
this conductor is also made continuous 
for r-f. 

The same type of rotating joint is often 
used when joining two sections of solid 
dielectric cable, such as telcothene cable. 
In this case the rotating joint consists 
of a short section of telescoped coaxial 
line made of brass tubing and rod with 
telcothene insulation. Usually for con- 
venience, the lower half of the rotating 
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Upper section (to aerial) 


Lower section 
(aerial junction box) 


_ Fic.10-78 Quarter-wave section as a rotating 
Joint in a solid-dielectric coaxial cable. 


joint bolts on to the bottom of an aerial 
junction box. The outer conductor 
projects upwards into the box where it 
fits into the outer tubing of the upper half 
of the rotating joint (Fig. 10-78). The 
centre of the lower half is the female 
portion of the inner conductor connec- 
tion. The male portion is located in the 
upper half of the rotating joint. 

10.14 Introduction to waveguides. 
Waveguides represent a transitional stage 
between propagation of energy along 
wires and the radiation of energy in 
free space. Guided waves are those which 
follow a transmission line, while unguided 
waves are those which are radiated from 
an aerial. Radio waves are unguided 
electromagnetic waves which may be 
concentrated into a narrow beam by 
means of a directional aerial. Since the 
electromagnetic energy radiated in even 
a very narrow beam from a directional 
aerial is distributed over an increasing 
cross-sectional area as the distance from 
the aerial increases, attenuation results. 
However, energy in a guided wave is 
distributed over a relatively small, con- 
stant, cross-sectional area throughout 
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the length of the transmission line 
regardless of bends and twists in the 
line. As a result almost all the energy 
put into the line reaches its destination. 
Conventional theory regards the flow 
of current in a transmission line as a 
movement of electrons and the fields 
which exist between the wires as merely 
the result of this electron motion. How- 
ever, it is equally possible to regard the 
fields as the fundamental quantities and 
the motion of the electrons as the result 
of the changing fields. The point of view 
which is adopted depends largely on the 
circumstance, the latter view becoming 
more useful at very-high frequencies. 
Because transmission line theory is more 
widely known than radiation theory, 
waveguides are often compared to trans- 
mission lines. This, however, leads into 
considerable complexity and in this text 
only the basis for comparison is given. 
Beyond this, the radiation theory is 
used to explain the operation of wave- 
guides, because of its directness and 
relative simplicity. Thus in explaining 
microwave phenomena, the transmission 
of energy along a transmission line is 
regarded as taking place through the 
space between the conductors and not 
through the conductors themselves. The 
conductors guide the energy, which 
resides between the wires, in the form of 
waves from one point to another. Whereas 
it is convenient to explain transmission 
of energy via transmission lines in terms 
of the voltage and current distribution 
along the line it now becomes more 
useful to concentrate attention on the 
electric and magnetic fields of the wave. 
It is important, therefore, before pro- 
ceeding to a study of waveguides to 
summarize the principal features of the 
electromagnetic fields of waves in free 
space and along transmission lines. 
10.15 Properties of electromagnetic 
waves in free space. Fig. 10-79 shows 
a sinusoidal plane-polarized electromag- 
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Fiac.10-79 Field distribution in a plane 
polarized electromagnetic wave. 


netic wave travelling in free space. This 
wave is made up of oscillations of an 
electric field H and a magnetic field H 
in directions at right angles to each 
other and to the direction of propagation. 
The waves are transverse both in # and 
Hand are, therefore, of the type TEM, 
transverse-electromagnetic; that is, there 
is no component of E or H in the direc- 
tion of propagation. The velocity of 
propagation (v) in free space is equal 
to the velocity of light. In a medium of 
dielectric constant k and permeability un, 
v 
V Ku 
When the medium is non-conducting 
and H oscillate in phase with each other 
and the amplitudes of EF and H are 
constant at all points in the wave front. 
10.16 Properties of waves guided by 
transmission lines. The properties of 
waves guided by pairs of conductors are 
very similar to those of waves travelling 
in free space. Fig. 10-80 and Fig. 10-81 
show the field configuration or mode 
formed by the lines of E and 4H for 
transmission along a coaxial cable and a 
shielded-pair line respectively. The 
electric and magnetic fields are repre- 
sented by lines; the arrowheads indicate 
the direction of the fields while the line 
density shows the field intensities. The 
wave is propagated parallel to the axes 
of the conductors and is transverse both 
in EF and H, that is, both the electric 
and magnetic fields are each perpen- 
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Fic.10-80 Pattern formed by the lines of FE and 
A for transmission along a coaxial cable. 


dicular to the direction of travel and lie 
in a plane parallel to the wave front. 
The lines of magnetic force surround the 
inner conductors and form a pattern 
which is the same as that obtained by 
first considering a suitable steady current 
along the conductors but in opposite 
directions in each. At all points the two 
fields are mutually perpendicular. The 
velocity of the wave is the same as that 
for the unguided wave and is the same 
for all frequencies. There is no limit to 
the frequency of the wave which can be 
propagated. The mode shown in Fig. 
10-80 and in Fig. 10-81 is the simplest 
one possible and is called the dominant 
mode. The coaxial line and the two-wire 
line have dominant modes and an infinite 
set of higher modes. 

10.17 Types of waveguides. Any 
surface which separates distinctly two 
regions of different electric properties is 
capable of guiding electromagnetic waves. 
Such asurface may be one which separates 
a conductor from an insulator, or one 
which separates two insulators of widely 
different dielectric constants. Asa result, 
the two-wire open or shielded line and 
coaxial cable are in effect waveguides. 
In addition, since even early radiation 
theory indicated that radio waves travel 
as do sound waves and since it is a well 
known fact that sound waves pass 
through pipes such as a voice tube by 
means of successive reflections from the 
sides, it is not at all surprising to find 
that electromagnetic waves pass through 
hollow metal pipes by successive reflec- 
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Fia.10-81 Pattern formed by the lines of E and 
H for transmission along a shielded pair. 


tions from the walls. The term waveguide 
is usually applied to this type of trans- 
mission line although other lines, strictly 
speaking, are also waveguides. Two 
different cross-sections of pipe, the rec- 
tangular waveguide and the circular 
waveguide are in common use. Fig. 
10-82 shows a rectangular waveguide, 
the cross-section indicating a and b 
dimensions. 

10.18 Advantages of hollow wave- 
guides. A hollow waveguide has lower 
losses than an open two-wire line or 
coaxial line in the frequency ranges 
practical for each. The open two-wire 
transmission line has three kinds of losses 

(i) radiation loss 

(ii) dielectric loss 

(iii) copper loss. 
The coaxial line has negligible radiation 
loss since the outer conductor acts as a 
shield which confines the fields within 
the space between inner and outer con- 
ductors. The hollow waveguide also 
has negligible radiation loss for the same 
reason. 

In coaxial cable the dielectric loss in 
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Fra.10-82 Rectangular waveguide and cross- 
section showing a and b dimensions. 
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the solid insulation or in polystyrene 
beads is appreciable at very high fre- 
quencies. However air has negligible 
dielectric loss at any frequency. As a 
result hollow waveguides, which have air 
dielectric, have negligible dielectric loss. 

In a transmission line the copper loss 
increases as the frequency increases since 
at high frequencies the current flows 
in a thin layer near the surface of the 
conductor. As the frequency increases, 
the thickness of the conducting layer 
decreases which causes the copper loss to 
increase as the effective resistance of the 
conductor increases. The currents re- 
sponsible for the copper loss are equal 
in magnitude in the inner and outer 
conductors, but since they are forced by 
the skin effect to flow in the surface 
layers of these conductors they dissipate 
most of their energy in the inner con- 
ductor which has the smaller surface. In 
a hollow waveguide the inner conductor 
is eliminated and hence the copper loss 
is greatly reduced. A coaxial cable with 
its inner conductor removed becomes a 
circular hollow waveguide. The copper 
loss of a hollow waveguide, rectangular 
or circular, is less than that of a coaxial 
cable of the same size operated at the 
same frequency. 

Thus the hollow waveguide has small 
copper loss and for all practical purposes 
neither radiation loss nor dielectric loss. 
Hence hollow waveguides are more effi- 
cient than other lines and the attenuation 
in them is considerably less. Loss of 
energy from a wave as it travels along a 
transmission line is objectionable not 
only because it attenuates the signal 
which arrives at the other end, but also 
because of the undesirable heating pro- 
duced by the wasted energy. In the case 
of high-power transmission this heating 
is often sufficient to soften the dielectric 
in the cable and cause breakdown. 

A second advantage of a waveguide is 
that it is capable of transmitting higher 
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Fic.10-83 Comparison of length of dielectric 
breakdown paths in (a) Waveguide (b) Coaxial 
cable. 


power than a coaxial cable of the same 
size. The power transmitted on a coaxial 
cable is given by 


pe 


Z, 
where P = the power 
E = the voltage 
Z, = thecharacteristic impedance 
of the line. 
Hence, since Z, is constant, the power 
may only be increased by increasing the 
voltage. This is limited by the break- 
down voltage of the dielectric between 
the conductors. In a circular waveguide, 
Fig. 10-83 (a), the maximum voltage E 
appears across AB while in the coaxial 
cable it appears across CD, Fig. 10-83 (b). 
Since AB is greater than CD the voltage 
at which breakdown occurs in a wave- 
guide is greater than that at which 
breakdown occurs in a coaxial cable. 
As a result, the power-handling capa- 
bility of a waveguide is higher than that 
of a coaxial cable of the same size. 
A third advantage of a waveguide is 
its simple construction since insulated 
supports for the inner conductor as in 
other lines are not required. In addition, 
the waveguide is less subject to mechani- 
cal injury due to its rugged nature. 
10.19 Development of a waveguide 
from an open two-wire transmission 
line. The use of quarter-wave stubs as 
insulators for transmission lines at high 
frequencies has been discussed in section 
10.13B. Such insulators are useful 
because of the low losses which they 
introduce, but they are restricted to very 


I 


TRANSMISSION LINES 


Fic.10-84 Open two-wire line supported by 
quarter-wave stub insulators (a) Construction (b) 
Enlarged view of an insulator. 


high frequencies because of their physical 
size. For example, to make such an 
insulator for a 60-cycle power line it 
would have to be approximately 800 
miles long. An open tiwo-wire trans- 
mission line supported by such quarter- 
wave stub insulators is shown in Fig. 
10-84 (a). Such a line may be used for 
only one frequency or for a very narrow 
band of frequencies, since the stub 
length is only a quarter wavelength at 
the particular frequency for which it 
was cut. Actually in measuring off the 
quarter wavelength of a stub as shown 
in Fig. 10-85 the distance b+ 4a should 


r ; 
be approximately 4 provided 3a is small 


compared to 4b. If a is large compared 
to b the impedance per unit length along 
the two sections may be sufficiently 
different to cause an appreciable error. 
However, this situation does not occur in 
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_ Fia.10-85 Dimensions of a quarter-wave stub 
insulator. 


the construction shown in Fig. 10-84 (b). 
In this case the stub lines are fastened 
to a large flat metal plate. Thus very 
few magnetic lines of force encircle this 
plate in the distance a. Therefore the 
dimension a is not critical and may be 
neglected in measuring the length of the 
stub. That is, the length 4b is made 
about one quarter wavelength. 

Fig. 10-86 shows a two-wire line 
supported from both top and bottom by 
quarter-wave sections thus making half- 
wave rectangular frames. If the number 
of these stubs is increased without limit 
until they form a rectangular pipe, a 
waveguide is produced (Fig. 10-87). A 
waveguide can be thought of as being 
made up of two bus-bars and a multitude 
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Fia.10-86 Two-wire line supported by quarter- 
wave stubs on top and bottom forming half- 
wavelength, rectangular, supporting frames. 


10:50 


Fic.10-87 Two bus-bars supported by many 
* stub insulators to form a waveguide. 


of quarter-wave stub insulators or half- 
wave rectangular frames. 

A waveguide has the advantage of 
being able to carry a relatively large 
band of frequencies. It can carry not 
only a fundamental or limiting frequency 
but all higher frequencies. The reason 
for this can be best understood by a 
consideration of Figs. 10-87 and 10-88. 
In Fig. 10-87 the waveguide consists, 
in effect, of two bus-bars supported by 
upper and lower quarter-wave stub in- 
sulators. The distances of cd, ef, gh, 


r 
kl equal 4 and distance W is equal to the 


theoretical width of the bus-bar. At 
some higher frequency Fig. 10-88 illus- 
trates the conditions that exist, the 
dimensions a and 6b of the waveguide 
being kept constant. The width of the 
bus-bar may be considered to increase 
to W:,, while the quarter-wave stub 
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Frc.10-88 Diagram to aid the explanation of 
why a waveguide transmits all frequencies higher 
than a limiting minimum frequency. 


insulators decrease in length with dis- 


aa 
4 2 


tances ¢:d1, @:1fi, gihi, kil: equal 
the new frequency. 

Similarly at some lower frequency 
(longer wavelength) the bus-bar may be 
considered to decrease to some new 
width while the quarter-wave stubs in- 
crease in length. At a certain low 
frequency the bus-bar width becomes 
zero where the two quarter-wave stubs 
together equal b. For all frequencies 
lower than this the two stubs are less 

a 

than 1: 
the desired high resistive impedance they 
present a much lower inductive imped- 
ance and the current is shorted out 
stopping transmission. At the frequency 
for which } is exactly one half wave- 
length, the wave reflects back and forth 
across the guide, making no progress 
down the guide. Thus a waveguide has 
a critical minimum frequency, called the 
cut-off frequency, below which it will not 
transmit energy. 

The value of the cut-off frequency is, 
as indicated above, closely related to the 
dimensions of the waveguide. However, 
when the line becomes a waveguide (Fig. 
10-87) by increasing the number of stubs, 
the lines of magnetic force can no longer 
link the yoke portion a of the stubs. 
Hence the dimension a is not critical in 


Therefore instead of providing 
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determining the cut-off frequency of a 
waveguide. However, this dimension a 
determines the breakdown voltage of 
the guide so that for high-power transfer 
it must be large. In addition it is easier 
mechanically to build a large. In prac- 
tice a is usually made about one-half of b. 

For a rectangular waveguide there 
are simple relationships between cut-off 
frequency and the dimensions. For 


example for one particular mode of - 


transmission the relationship is 


Nee OL Ok ange 
ee 
where 
A; = maximum free-space wavelength 
b = inside width of pipe 
v = velocity of wave propagation in 
free space (8X 108 m/s) 
f. = cut-off frequency. 


In construction of a rectangular wave- 
guide for 10-cm. application, b would be 
made slightly wider than 5 cm., in practice, 
about 7.0 cm. (22 in.) and dimension a 
about 3.5 cm. (12 in.). For 3-cm. appli- 
cations, a waveguide with outside dimen- 
sions of 1 in. <4 in. is commonly used. 
For wavelengths longer than 10 cm. the 
sizes of the pipes are impractical. 

Of course a waveguide is not built by 
welding upper and lower quarter-wave 
stubs together. Any such method would 
be highly impractical. In practice a 
waveguide is constructed as a simple 
piece of rectangular pipe of the required 
dimensions as shown in Fig. 10-89. 

10.20 Electric and magnetic fields in 
waveguides. In order to understand how 
a waveguide is excited and how energy 
is removed at its termination it 1s impor- 
tant to know the distribution of fields 
inside the guide. 


A. Electric Fields 


Fig. 10-90 shows a section of two- 
wire transmission line shorted at both 


Ss 
ends and cut to oh at some frequency. 
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Fic.10-89 Rectangular waveguides (a) 3 cm. 
(b) 10 cm. 


Consider this line to be supported by 
upper and lower quarter-wave stubs, 
each pair of upper and lower stubs 
making up a rectangular frame. As a 
result of the shorted ends when the line 
is energized, reflections occur producing 
standing waves of current and voltage 
both in the line itself and on the stubs. 
Fig. 10-90 shows only the # lines. These 
lines represent the electric field between 
the conductors. The arrowheads indicate 
the direction of the field while the line 
density shows the field intensity. For 
simplicity, the distribution is considered 
for only the instant in the cycle when 
the voltages are greatest. The maximum 
standing-wave voltages occur at BB, 
DD’, and FF’. Since the various insulat- 
ing frames are excited to resonance by 
the line, they have as their maximum 
the voltage across the line at the point 
where the frames are attached. The 
two frames drawn separately below the 
line show that the maximum voltage is 
different at different positions along the 
line. The E lines are always perpendicu- 
lar to the conducting surfaces. 

If the line of Fig. 10-90 is formed into 
a waveguide by increasing the number 
of frames the electric field in such a 
waveguide has the distribution shown 
in Fig. 10-91. The field distribution on 
the quarter-wave stubs combines with 
that on the line itself to form a field of 
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Detail of E distribution 


i, on x insulating frame 


FF ata voltage max. 


E distribution on an insulating frame 
at a point of reduced voltage 


Fr1a.10-90 Distribution of Z lines on an energized $2 short-circuited two-wire line supported by 


pairs of upper and lower * stubs. 


Fia.10-91 £ line distribution inside a 3) section of short-circuited energized waveguide. 
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high intensity in the centre of each half- 
wave guide section. The £ lines exist 
in a standing wave similar to the standing 
wave of voltage which exists on a 
shorted line. Thus the £ lines build up 
to a maximum, decrease to zero, build 
up to a maximum in the opposite direc- 
tion and decrease again to zero. The 
lines maintain a constant maximum 
density at any one location. Of course, 
an r-f voltage exists between the sides 
of the waveguide on which the £ lines 
terminate. In the centre of each half- 
wave guide section the voltage across 
the guide is a maximum since the field 
is a maximum. The distance a must be 
large enough to keep this voltage from 
causing arc-overs in the guide. 
B. Magnetic Field 

To understand the magnetic field dis- 
tribution in a waveguide it is well to 
recall first the magnetic field distribution 
about a current-carrying solenoid. Fig. 
10-92 (a) shows the magnetic field about 
a current-carrying loop with the lines 
of force encircling the conductor. If 
many such loops are placed close together 
to form the solenoid of Fig. 10-92 (b) the 
lines of force due to each loop add to 
produce a strong magnetic field. The H 
lines form loops being closed outside the 
solenoid as shown in the diagram. 

Similarly, if Fig. 10-93 represents a 
section of a two-wire transmission line 


Fra.10-93 H lines about an energized two-wire 


line supported by upper and lower 2 stubs. 
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Magnetic field 


So 
(a) Electron flow 


Magnetic lines of force 


(b) 


Fia.10-92 Magnetic field about a current- 
carrying loop and solenoid (a) Loop (b) Solenoid. 


supported by upper and lower quarter- 
wave stubs or frames the H lines about 
the line and the frames are as shown in 
the diagram. If the frames are relatively 
close together the H lines cancel between 
conductors and add inside the frames to 
produce an H loop entirely inside the 
frame as shown in Fig. 10-94. 


Fic.10-94 H lines forming complete loop lines 
inside the frames of a two-wire line with * stubs 


close together. 
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Detail of H distribution 
ona 9 short-circuited 
two-wire line 
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Detail of H distribution on 
- insulating frame 
at a voltage max. 


Fic.10-95 H lines in an energized 3 short-circuited two-wire line supported by pairs of 


upper and lower ‘ stubs. 


Fia.10-96 H line distribution inside a $ section of short-circuited energized waveguide. 
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Thus, Fig. 10-95 shows the magnetic is supported by upper and lower 7 
field distribution about a short-circuited , : 
section of a two-wire line cut to 2A stubs and is energized by a generator. 


at some particular frequency. This line The H lines form complete loops entirely 
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ay. r 
within the frames of each 9 section of 


line. The arrowheads show the direction 
of the field at the instant represented in 
the diagram. The density of the lines 
shows the intensity of the magnetic field. 
The electric field which is, of course, 
also present is not shown to avoid com- 
plexity. The frame shown below the 
main section of the diagram indicates the 
detail in the frame which appears at a 
voltage maximum. The dH lines are 
always parallel to the conducting surface. 

If the transmission line of Fig. 10-95 
is developed into a waveguide by increas- 
ing the number of frames without limit 
the H line distribution is as shown in 
Fig. 10-96. These lines appear, as in 
Fig. 10-95, as complete loops spaced 
one half wavelength apart. There are 
no Z lines outside the guide as long as 
it is completely closed. 


C. Diagrammatic Representation of 
both E and H Lines in a Waveguide 


Since both the electric field and the 
magnetic field are actually inseparable 
and always exist at the same time in a 
waveguide it becomes necessary to indi- 
cate both these fields on a diagram in a 
way which does not make the diagram 
confusing. It is evident that combining 
Figs. 10-91 and 10-96 into a single 
diagram would result in too complex a 
diagram for understanding. As a result 
cross-section diagrams of a waveguide 
are usually employed. 

Thus if a cross-section of a waveguide 
in Fig. 10-91 is taken halfway between 


» . . . . . 
any = section, the £ line distribution 1s 


2 

as shown in Fig. 10-97 (a). Also, if a 
similar cross-section is taken of Fig. 
10-96 the H line distribution is as shown 
in Fig. 10-97 (b). The combination of 
these two diagrams in Fig. 10-97 (c) 
shows both the E and J line distri- 
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e Out from paper 


Fia.10-97 Cross-sectional end view of wave- 
guide showing typical field distributions (a) 
abe field (b) Magnetic field (c) Electromagnetic 

eld. 


A second method of showing both the 
E and d lines is to present a side view 
of the waveguide. Fig. 10-98 (a) shows 
a side view of Fig. 10-91; Fig. 10-98 (b) 
shows a side view of Fig. 10-96. The 
combined side view with both FE and H 
line distribution is shown in Fig. 10-98 (c). 

It should be noted that when a wave- 
guide is used as a transmission line it 
should not be operated with standing 


waves. Like any other form of trans- 
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F1q.10-98 Cross-sectional side view of wave- 
guide showing field distributions (a) Electric field 
(b) Magnetic field (c) Electromagnetic field. 
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mission line it may be operated without 

standing waves when properly ter mai- 

nated. Such operation is necessary to 
secure maximum transfer of energy. 

10.21 Modes of transmission in wave- 
guides. The distribution of # and H 
lines inside a waveguide can take many 
forms depending upon the manner in 
which the waveguide is excited. Each of 
these forms is called a mode of operation. 
To differentiate between these modes a 
system of numbering has been devised. 
In all of the modes either the magnetic 
or the electric field must be perpendicular 
to the direction of propagation of energy 
down the guide. Hence any mode must 
be either transverse electric (TE) or 
transverse magnetic (TM). When a guide 
is excited to operate in the 7H mode 
the E lines are across the guide and no 
F lines lie lengthwise along the guide; 
similarly, in a 7M mode the A lines 
form loops in planes perpendicular to the 
walls of the guide and no part of an H 
line lies lengthwise along the guide. 

To complete the description of the 
mode, subscript numbers are used with 
the letters TE or TM. For rectangular 
guides the subscript numbers indicate 
the following characteristics: 

(i) lst subscript number indicates the 
number of half-wave patterns of the 
transverse lines which exist along the 
short dimension a of the guide 
through the centre of the cross- 
section. 

(ii) 2nd subscript number indicates the 
number of transverse half-wave 
patterns that exist along the long 
dimension b of the guide through 
the centre of cross-section. 

If there is no pattern along one dimension 

of the guide a zero is used. 

For example, the use of this nomen- 
clature may be illustrated by applying 
it to the mode of operation indicated by 
the field distribution shown in Fig. 10-97 
and 10-98. Since the electric field (Fig. 
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10-97) is perpendicular to the longer wall 
of the guide the electric field is transverse 
and so the mode must be a TE mode. 
In order to determine the subscript 
numbers it is only necessary to examine 
Fig. 10-97 (c). Since there is no change 
in the electric field intensity along the 
short dimension through the centre, that 
is, there is no half-wave pattern, the 
first subscript is zero and the mode is a 
TE, mode. However, along the long 
dimension through the centre the electric 
field intensity goes from zero at the 
bottom through a maximum at the 
centre and back to zero at the top of 
the cross-section. Thus the field distri- 
bution along the vertical through the 
centre is of the form of a sine wave in 
which one half-wave pattern exists in 
this direction. Thus this mode becomes 
the 7'Ey,: mode. This is the mode most 
often used in practice. In this mode 
since there is no electric field in the 
direction of propagation and since there 
is a magnetic field in the direction of 
propagation this mode is sometimes 
referred to as a magnetic wave. 

In applying this nomenclature to cir- 
cular waveguides the rule for the letters 
TE or TM isas for the rectangular guide. 
However, in this case, the first subscript 
indicates the number of whole (or full- 
wave) patterns of the lines encountered 
around the circumference of the guide. 
The second number indicates the number 
of half-wave patterns that exist along 
a diameter. 

Four modes of transmission in rectan- 
gular waveguides and two modes of 
transmission in circular waveguides are 
shown in Fig. 10-99. The diagram indi- 
cates the number of half-wave and full- 
wave patterns for each mode and thus 
the nomenclature shown in each case 
may be verified. In addition the formula 
for determining the cut-off wavelength 
(A.) that can be transmitted by each 
waveguide when operated in the mode 
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Fia.10-99 End views of six modes of transmission in waveguides with formulas for determining 


cut-off wavelength. 


shown is given. The 7M,,, and 7M), 
modes are transverse magnetic in spite 
of the fact that the E lines appear to be 
transverse. In both these modes part 
of the £ lines lie along the axis of the 
guide, that is, in the direction of trans- 
mission down the guide. 

The manner in which a waveguide may 


F1cG.10-100 Development of a waveguide from 
a two-wire transmission line to operate in the 
TE 0,2 mode. 


be developed from a two-wire transmis- 
sion line to operate in a 7'E,. mode is 
shown in Fig. 10-100. The transmission 
line in this case may be considered to be 


B 
supported from above by - stubs and 


from below by 2A stubs. This arrange- 
ment can be developed into a complete 
waveguide by increasing the number of 
insulating supporting frames to form a 
surface. This waveguide may also be 
considered to be made up of two two- 
wire transmission lines, one at LL’ and 
the other at MM’. These lines are now 
separated by a half-wavelength section 


r 
LM and each line is supported by ri 


stubs. Thus this arrangement is in 
effect the same arrangement for two 
T E,,1 modes acting together at a phase 
angle of 180°. The field distribution is 
shown in the side view (Fig. 10-101) and 
by applying the nomenclature for nam- 
ing modes of transmission in waveguides 
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Fig.10-101 Side view of field distribution in a 
TE, mode. 


the mode is the 7’. In this waveguide 
the cut-off frequency is doubled; how- 
ever, this is of no particular advantage 
as it now takes twice as wide a guide as 
that for the TE ,; mode. 

Circular waveguides may be developed 
from two-wire transmission lines by us- 
ing two quarter-wave semi-circular stubs 
as shown in Fig. 10-102. The field 
distribution in such a guide is shown in 
Fig. 10-103 and the mode of operation 
is TEi,,. The maximum wavelength 
that can be transmitted is given by the 
formula 

Ae = LI Xd 
where d = the diameter 

A, = the cut-off wavelength. 
This mode for a circular waveguide is 
almost the same as the TE, mode for 
a rectangular guide. 


Frq.10-102 Development of circular waveguide 
from a two-wire transmission line. 
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10.22 Transmission of energy through 
a waveguide. In the development of 


3 
waveguides thus far, only a 9’ section 


closed at each end has been considered 
with standing waves present both length- 
wise and crosswise in the guide. Hence 
in Fig. 10-98 the maximum density of # 
lines is 90° from the maximum density 
of H lines since the energy is reflecting 
back and forth across the guide and is 
not travelling down the guide. This 
relationship is the same as that which 
exists between voltage and current in a 
shorted transmission line. 

However, in a very long waveguide 
with a means of injecting the energy ‘and 
terminating it so that no reflections are 
produced, the standing waves disappear 
in the direction of travel. This is similar 
to the condition which exists on a long 
two-wire transmission line terminated in 
its characteristic impedance. In this 
case voltage and current are in phase. 
Similarly in the waveguide, # and H are 
in phase and this can be represented 
diagrammatically by showing the # 
maxima coinciding with the H maxima. 

Fig. 10-104 shows the two most impor- 
tant modes TE; and T7M,, used for 
transmission in circular waveguides to- 
gether with the most important mode 
TE,,,1 used in rectangular guides. In 
these diagrams maximum values of E 
and H occur simultaneously and energy 
is assumed to be transmitted down the 
guide. 
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_Fi1g.10-103 End view and side view of field 
distribution in circular waveguide operated in 
T E,,, mode. 
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Fig.10-104 The two most useful modes TE,1 
and 7M ,: for transmission in circular guides and 
the most useful mode 7J'E,: for rectangular 
guides. 


The velocity of electromagnetic waves 
in the guide is actually considerably less 
than the velocity in free space since the 
waves travelling with the velocity of 
light progress by successive reflections 
at the sides of the guide and hence must 
travel farther than the length of the 
guide. The velocity of propagation of 
energy down the guide is called the group 
velocity and is less than the velocity of 
light. The meaning of group velocity 
is further understood by a consideration 
of Fig. 105 (a) which shows the wave- 
form of an r-f pulse of electromagnetic 
radiation. Consider this pulse to be 
propagated down a waveguide. The 
pulse takes a certain time to travel from 
the input end to the output end. The 
velocity at which the pulse travels down 
through the guide is the group velocity. 
In addition, in a waveguide, the r-f 
cycles move within the pulse envelope 
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Fic.10-105 Phase and group velocities in a 
waveguide (a) Relationship between phase and 
group velocities for a pulse transmission (b) 
Wavelength corresponding to phase velocity. 


in the direction of travel of the pulse. 
The velocity at which the cycles move 
is greater than the group velocity and 
is called the phase velocity. This super- 
imposed velocity which is the change of 
field intensity or the velocity of the wave 
crest along the side of the guide is also 
greater than the velocity of light. The 
wavelength \, corresponding to this 
phase velocity is illustrated in Fig. 10- 
105 (b). If the waves travelling with the 
velocity of light reflect at the sides of 
the guide at angles approaching 90° the 
phase velocity may approach infinity. 
The wavelength \, also increases and 
may approach infinity. Under this con- 
dition the wave no longer progresses 
down the guide. That is, the group 
velocity is zero and the r-f is at the 
cut-off frequency. It is important to 
keep in mind that the apparent wave- 
length \, for a practical waveguide may 
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Fiac.10-106 Inductive coupling between a 
coaxial line and a waveguide (a) End location of 
loop (b) Narrow-side location of loop (c) Broad- 
side location of loop (d) Short-circuiting plunger 
as matching device. 


be 1.5 to 2.0 times the wavelength in 
air and this is the value which must be 
used in all calculations. 

10.23 Methods of energizing and ex- 
tracting energy from a waveguide. There 
are two principle methods in use by 
which energy is put into, or removed 
from, a waveguide. 

(i) Inductive or loop coupling 
(ii) Electric or probe coupling. 


A. Inductive or Loop Coupling 


Fig. 10-106 shows three methods of 
inductive coupling from a coaxial cable 
to a waveguide. A coupling loop is 
placed in the guide so that it is always 
located where the H field intensity is at 
a maximum when energy is being taken 
out from the guide, or where maximum 
H field intensity is desired when energy 
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is being put into the guide. The plane 
of the loop is oriented perpendicular to 
the direction of the lines of magnetic 
force. Coupling may be varied by rotat- 
ing the loop, moving it from a position 
of maximum flux, changing its size or 
shielding it. The length of the wave- 
guide is not critical but the distance 
from the loop to the near end of the 
guide is important. As a result a short- 
circuiting plunger or piston, Fig. 10-106 
(d), the position of which can be adjusted 
to cause the short length of the guide 
between it and the loop to act as a match- 
ing device, is used. 


B. Electric or Probe Coupling . 


The distribution of the magnetic and 
electric fields about a quarter-wave Mar- 
coni aerial is as shown in Fig. 10-107. 
This distribution permits the excitation 
of, or the removal of energy from the 
waveguide by introducing such an aerial 
or probe into the guide (Fig. 10-108). 
The probe is inserted at a position where 
the E lines are a maximum for removal 
of energy or where the E lines are de- 
sired to be a maximum for excitation. 
Coupling can be varied by moving the 
probe away from the position of maxi- 
mum £ lines or by exposing less of the 
length of the probe to the fields in the 
guide. Fig. 10-109 shows an arrange- 
ment for varying the amount of coupling. 
The position of the field with respect to 
the probe can be varied by moving 
plunger A in the end of the waveguide. 


Fic.10-107 H and £ field distribution about a 
quarter-wave Marconi aerial. 


TRANSMISSION LINES 


Fakcdé conductor Outside of coaxial line 
De rial attached to bottom 
acts as 4 aeria of guide 


Fig.10-108 Probe coupling from a coaxial line 
to a waveguide. 


Plunger B at the top of the extension of 
the coaxial line acts as a shorting bar to 
form a quarter-wave stub support for the 
centre conductor and also provides a 
means of tuning this section so that the 
electric field is at the proper position 
along the centre conductor to energize 
the waveguide. In effect, plunger B 
varies the effective length of the probe. 

The probe method of energizing or 
extracting energy from a guide is usually 
superior to inductive coupling by means 
of a loop especially when large amounts 
of power are involved. 

Both the loop method and _ probe 


Plunger A 


Fig.10-109 Adjustable probe coupling from a 
coaxial line to a waveguide (a) Perspective view 
(b) Cross-sectional view. 


10:61 


method of coupling may be used to put 
energy into or to take energy from a 
waveguide. If the coupling device is 
adjusted for putting energy into a guide 
without producing reflections it is also 
well adjusted for taking energy out of 
the guide. 

10.24 Characteristic impedance and 
matching. Each substance through which 
electromagnetic waves may pass offers a 
different resistance to the passage and 
may therefore be said to have a different 
characteristic impedance. For example, 
the impedance of free space is 377 ohms. 
This may be thought of as the voltage- 
current ratio of waves travelling in one 
direction. The effect of constraining the 
waves to pass through a waveguide 
affects this value. In general the im- 
pedance of a waveguide is greater than 
that of free space and that of a rectangu- 
lar guide may be decreased by decreasing 
its a dimension. This latter is, however, 
impractical as the amount of power which 
it will then pass without arcing is very 
limited. Thus the impedance of a rec- 
tangular waveguide may vary from 0 to 
456 ohms but the minimum charac- 
teristic impedance of a practical circular 
waveguide is of the order of 350 ohms. 

Any abrupt change in the size or shape 
of a waveguide causes reflections as a 
result of the change in characteristic 
impedance. Thus to pass energy efficiently 
from a guide of one dimension to that of 
another, a flared matching section (Fig. 
10-110) is used to permit the fields to 
expand gradually to fit the different 
sizes of guides. 


P7 


Flared matching section 


F1g.10-110 Flared matching section for a wave- 
guide. 
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Fra.10-111 Tuning screw and iris as matching devices in a waveguide and the equivalent circuits 
(a) Tuning screw (b) Inductive iris (c) Capacitive iris. 


The characteristic impedance of a 
waveguide may also be changed by 
inserting a tuning screw in the top or 
bottom wall of a guide, Fig. 10-111 (a), 
or by inserting a perforated metal dia- 
phragm called an iris across the guide 
as shown in Fig. 10-111 (b) and (ce). 
Both the screw and the iris are equivalent 
to a shunt path across the waveguide. 
When either of these types of obstruction 
is completely removed from the wave- 
guide, the reactance of the shunt path 
is infinite since the fields within the 
guide are not disturbed. If the opening 
in the iris is completely closed the electric 
field is zero at the surface of the metal 
blades and the shunt impedance is zero. 
This is not quite the case for the screw 
tuner as it does not present zero imped- 
ance even when it touches the bottom 
of the guide. The reactance of the shunt 
paths formed by the tuning screw or the 
iris depends upon the distance the 
device extends into the guide. 


10.25 Waveguide joints. 


A. Effect of Poor Joints 
In practice a waveguide is usually fed 
directly from a magnetron oscillator. 
Thus the load on the magnetron is the 
impedance which the waveguide presents 
at its input end. If any irregularity 
occurs in the waveguide a reflected wave 


occurs and the effective impedance at 
the input end changes causing oscilla- 
tion to take place at some undesirable 
frequency. This effect is called frequency 
pulling. In addition, if the waveguide 
is long an effect called frequency splitting 
may occur if the termination reflects a 
wave down the guide. 

For these reasons it becomes necessary 
to design all joints or bends so that a 
minimum reflection occurs. Further, it 
is desirable to keep the total waveguide 
length as short as possible. 


B. Mechanical Joints 


At wavelengths of the order of 10 
centimetres, coupling between two sec- 
tions of waveguide is usually effected 
by means of flat end-flanges as shown in 
Fig. 10-112 (a) and (b). Fig. 10-112 (a) 
shows the two waveguidesections clamped 
together by means of end-flanges and 
bolts. The detail of each end-flange is 
shown in Fig. 10-112 (b). Th2 principal 
cause of reflection at such joints as these 
results from misalignment of the walls 
of the guide at the joint. Such misalign- 
ment causes a step in the walls which 
results in reflections. To avoid this the 
bolt holes must be accurately located and 
care must be taken in making the 
connection. In addition, gaps between 
the waveguide walls across the joint 


TRANSMISSION LINES 


Flanges in contact 


10:63 


Wall of left-hand 
guide 


Wail of right-hand 
guide 
Junction 


LILILLLLL LLL LLL LL LLL AAA 
WY 
coat | > 
WY 


Up 
y 
Z 


Holes for clamping bolts 


(0) 


Fig.10-112 Mechanical joint in a 10 cm. wave- 
guide showing detail of end-flanges (a) Side view 
(b) End view. 


may occur due to imperfections in the 
surfaces of the flanges. Fig. 10-113 shows 
an exaggerated view of this imperfection 
which results in reflections that are 
appreciable. Consequently the flange 
faces must be made accurately parallel, 
plane surfaces. 

At wavelengths of the order of 3 
centimetres these defects in coupling 
become even more difficult to avoid. 
Suitable coupling flanges are shown in 
Fig. 10-114 (a) and (b). The flanges are 
clamped together by means of a ring 
nut which presses on one and screws on 
the other. The walls of the guide sections 
are accurately lined up by means of 
accurately placed dowel pins. 

C. Choke Joints 

As the frequency at which a waveguide 
is to operate is increased, the reflections 
caused by a gap between the walls of 


Fig.10-113 Exaggerated view of gap between 
waveguide walls produced by irregularities in 
plane surfaces of end-flanges. 


two jointed sections increase. However, 
a form of coupling which eliminates this 
defect makes use of the electrical proper- 
ties of a gap between the flanges to 
provide a theoretically perfect electrical 
connection between two guide sections. 
Such a joint is called a choke joint and 
is shown in Fig. 10-115. This type of 
joint eliminates mechanical connection 
between the guide sections. As a result 
such a joint not only provides a good 
electrical connection but may also be 
used to isolate two sections of a system 
such as a waveguide and a radar trans- 
mitter so that vibration occurring in 
one part of the system does not occur in 
the other. The principle of operation of 
a choke joint may be understood by a 
consideration of Fig. 10-116. The joint 
consists of two flanges, one fixed to each 
waveguide section. 
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Fia.10-114 Mechanical joint in a 3 cm. wave- 
guide showing detail of end-flanges (a) Side view 
(b) End view. 
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Fig.10-115 Choke joint and mechanical joint 
in a 10 cm. waveguide. 


Mechanical isolation of the waveguide 
sections is accomplished by separating 
the flanges as shown. In practice this 
separation can be of the order of several 
millimetres without introducing appre- 
ciable reflection or loss. 

The two flanges are parallel and their 
width is chosen so that they form a 
quarter-wavelength transmission line. 
When energy appears at the joint stand- 
ing waves are set up in the quarter-wave 
section AB. The open circuit at A 
reflects a low impedance to the point B 
and a short circuit appears across CD. 
Thus, electrically, there is no break in 
the wall of the waveguide and the energy 
travels past the joint without suffering 
any disturbance. 

Another type of choke joint is shown 
in Fig. 10-117 (a) and (b). In this case, 
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Fia.10-116 Diagram of a choke joint. 


FUNDAMENTALS OF RADIO 


Flange x 
Less than 10 
EWZZx 
—— = 


Fic.10-117 Choke joint connecting two 
sections of rectangular waveguide (a) Side view 
(b) End view. 


the upper flange is a flat surface, while 
the lower flange has a slot cut in it one 
quarter wavelength deep. This slot is 
located so that the middle, M, of the 
long dimension of the waveguide is one 
quarter wavelength from the edge of the 
slot, Fig. 10-117 (b). 

When energy appears at the joint 
standing waves are set up in the quarter- 
wave sections AB and BC. The short 
circuit at A reflects a high impedance 
to B. This high impedance reflects a low 
impedance across the quarter-wave sec- 
tion from B to C. Thus a short circuit 
appears across DE. This same arrange- 
ment of a choke joint is also used with 
circular waveguides (Fig. 10-118). In 
addition to its other advantages such a 
joint may be used with circular wave- 
guides to allow one section, such as 
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Fre.10-118 Choke joint in a circular waveguide 
(a) Side view (b) End view. 


the aerial section, to turn relative to 
another section, the transmitter section. 
Thus a choke joint may be used in this 
way as a rotating joint for circular 
waveguides. 


D. Rotating Joints 


It has been seen that a choke joint 
may be used to connect two circular 
sections of waveguide. However, in 
practice, since the waveguide up to the 
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Fig.10-119 Rotating joint in a circular guide 
section connecting two rectangular guide sections. 
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rotating joint is usually rectangular and 
since the portion of the joint that rotates 
must be circular for mechanical reasons, 
a rotating joint involves a transition 
from the modes of a rectangular pipe to 
the modes of a circular pipe and vice 
versa. Such a system is shown in Fig. 
10-119. Rectangular waveguide A is 
excited by the oscillator and operates in 
a TE,,: mode. A small exciting probe 
extends from a plug matching adjust- 
ment in this waveguide up into a vertical 
section of circular waveguide. This probe 
is parallel to the electric field in each 
waveguide as shown in Fig. 10-120. 
Since the electric and magnetic fields 
in the circular waveguide operated in the 
TM,,: mode are symmetrical about the 
axis, rotation of one section of this guide 
relative to another section does not 
affect the overall polarization of the 
field. Thus a rotating joint inserted in 
the circular portion of the waveguide 
does not alter polarization. The rotating 
choke joint is similar to the one described 
previously in C. The upper rectangular 
waveguide, which rotates with the upper 
section of the circular waveguide, is 
excited in a TJ E),; mode in a similar 
manner using probe coupling as in the 
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Fia.10-120 Electric field distribution in the 
rectangular and circular waveguides of Fig. 10- 
119 (a) Side view (b) End view of circular guide. 
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Fra.10-121 Bends and twists in waveguides 
(a) Curved H and E bends (b) Sharp H and # 
bends (c) 90-degree twist. 


bottom waveguide. Matching adjust- 
ments are incorporated to change probe 
lengths. 

10.26 Bends and twists. Often in 
practice it becomes necessary in a wave- 
guide length or run to turn corners. This 
may be accomplished by bending the 
waveguide into a curve as shown in 
Fig. 10-121 (a). The waves travel around 
such an elbow without appreciable reflec- 
tion provided the radius of curvature is 
of the order of 2\. The bends shown are 
known as H and E bends respectively. 

However, sometimes a sharp bend in 
the waveguide is imperative. Sharp 
elbows are shown in Fig. 10-121(b) in 
which reflection is reduced by beveling 
the elbow. The bevel is such that 
approximately one-half the square which 
would be formed if the edges of the 
waveguide were extended is removed. 
The bevel face inside the guide acts as 
a reflector. 

Sometimes in connecting two dif- 
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ferently oriented sections of waveguides 
it becomes necessary to rotate the field of 
one section so that there is proper 
matching to the second section. This 
can be done as shown in Fig. 10-121 (¢). 
In this figure the field is rotated through 
an angle of 90°. Little reflection results 
provided the length of the twist is 
greater than 2). 

10.27 Resonant waveguide sections. 
Waveguide sections which are closed at 
both ends or positioned in such a manner 
as to produce reflections, contain stand- 
ing waves and act as resonant cavities. 
Such sections can be used for matching 
waveguides of different characteristic im- 
pedances as shown in Fig. 10-122. 

Resonant sections may also be used as 
filters in a manner similar to that in 
which resonant sections of transmission 
lines are used for this purpose. Fig. 
10-123 (a) shows a closed quarter-wave 
section of waveguide attached to a main 
waveguide. This section acts like a 
shorted quarter-wave stub and so pre- 
sents a high impedance between its 
terminals. Thus in the equivalent circuit 
shown in Fig. 10-123 (b) there is a high 
impedance between A and B and the 
guide acts as if it had an open circuit 
between A and B for the frequencies at 
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Fia.10-122 Resonant waveguide section as & 
matching device between two guides of different 
impedances. 
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_ Fia.10-123 Resonant quarter-wave guide sec- 
tion used as a wave filter (a) Perspective view (b) 
Side view. 


which the stub resonates. For these 
frequencies the main waveguide presents 
a high impedance since the field distor- 
tion at the opening prevents their trans- 
mission. 

Similarly, a half-wave closed section 
of waveguide may be attached to a main 
waveguide run as shown in Fig. 10-124. 
As for a half-wave shorted stub the 
resonant waveguide section presents a 
short across AB for the frequencies at 
which the guide resonates. 

10.28 Energy radiation. If an ener- 
gized waveguide is left open at the end 
it will radiate energy into space. How- 
ever, the amount of energy radiated is 
small since the termination seldom pro- 
vides a correct match to prevent standing 
waves and produce efficient transfer of 
energy. The waveguide may be flared 
into a horn as shown in Fig. 10-125 to 
match the impedance of the waveguide 
to that of free space and so produce a 
more efficient transfer of energy. Radia- 
tion from such horn devices is discussed 
in the chapter on aerials. 

In addition to radiation from the end 
of an open waveguide, radiation also 
may take place from holes or slits in the 
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Fia.10-124 Resonant half-wave guide section 
used as a wave filter (a) Perspective view (b) 
Side view. 


guide. However, very little radiation 
takes place if such holes or slits are 
covered with wire screen. 

10.29 A complete waveguide system. 
The component parts of a waveguide 
system are shown in Fig. 10-126. The 
various components of such a system as 
they occur in order from transmitter to 
aerial are indicated and labelled. Al- 
though the order of such components is 
not entirely rigid the order shown is 
typical of that used in many radar 
equipments. 


F1a.10-125 Flared horn radiator used to match 
the waveguide impedance to that of free space. 
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Rotating choke yoint——+ 


Aertal feed 


Paraboloid 


Circular waveguide 


Coaxial line to waveguide coupler 


Choke joints 


Main waveguide (rectangular) 


Magnetron 


M IS 
plunyer 


Waveguide to coarial line coupler 
Fia.10-126 Waveguide system in a radar set. 


A. Rectangular Waveguides 


d. (em.) InsipE DIMENSIONS OUTSIDE 
TEy,: MODE b(cm.) a(cm.) DIMENSIONS 


4 id x ite 
0.050 ” wall 
3” S< 14” 
Le” wall 
13” x 3” 
0.080” wall 


1 s8 ” x D4 TM 
lan wall 


2.29 1.02 


2.86 Le Dag 


7.22 3.40 


7.00 0.95 


B. Circular Waveguides 


INsIpE DIMENSIONS d, (em.) d. (em.) A. (em.) 
d(in.) d(cm.) TE, MODE TMo,1 MODE TE2,1 MODE 


6 2°38 4.06 Salt 


13% 3.02 5p 3.94 
22 6.35 10.83 8.29 
23 6.99 11,92 9.12 
3 7.62 13 .00 9.95 
4 10.16 17.33 iy 
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10.30 Standard sizes of waveguides. 
The standard sizes of waveguides are 
shown in the tables on page 10:68: 

10.31 Summary of formulas for cut-off 
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wavelengths. The formulas for deter- 
mining the cut-off wavelengths for guides 
operating in the more common modes are 
given in the following table. 


Formulas for Cut-Off Wavelength 


RECTANGULAR WAVEGUIDES 


Cut-Orr WAVELENGTH 


2b 
2ab 


Vart+b? 
b 


Mops 


TE 5,1 
TE,,, or 
TMi; 
TE 4,2 
TE,, 


PE ssn: OF 
OM ssi 


2a 


10.32 Questions and problems. 


1. What is the purpose of a transmis- 
sion line used 
(a) between a transmitter and an 
aerial 
(b) between a receiver and an aerial? 


2. (a) Draw a diagram to illustrate the 
electric and magnetic fields about 
a simple vertical aerial at some 
instant when the a-c current in 
the aerial is a maximum. 
(b) Draw a similar diagram for an 
instant one period of the a-c 
later. 


3. Using the diagrams of question 2 
explain how an electromagnetic field 
is radiated away from the aerial. 


4. What is the wave front of an e-m 
wave? 


5. Using diagrams explain the meaning 
of the terms vertically polarized, 
horizontally polarized, obliquely 
polarized, circularly polarized, ellip- 
tically polarized, as applied to e-m 
waves. 


CIRCULAR WAVEGUIDES 


Mopr Cut-Orr WAVELENGTH 


TE, 
TM, 


TE, 
T E21 


1.71d 
1.3ld 


0 .82d 
1 .03d 


TMi: 0 .82d 


6. What is the polarization of an e-m 
wave travelling over a highly con- 
ductive surface? 


7. Why do standing waves of current 
and voltage exist on a long wire 
transmission line? 


8. Draw a diagram to show the stand- 
ing waves of voltage and current 
along an infinite two-wire line. 


9. Why are the waves of question 8 
called standing waves? 


How far apart are successive voltage 
or current maxima in the diagram of 
question 8 if the a-c frequency is 50 
Mc/s, 50 Ke/s, 50 c/s? 


10. 


11. Why are the amplitudes of voltage 
and current reduced farther from the 
generator in the diagram of No. 8? 
(a) What is a finite line? 


(b) What is an open-ended line? 


12. 


(c) What is a short-circuited line? 
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13. 


14. 


15. 


16. 


19. 


20. 


Zl. 


22. 


23. 


24. 


(a) What is the value of the current 
at the end of an open-ended line? 


(b) What is the value of this voltage? 
How does reflection of the wave take 
place at the end of an open-ended 
line? 

Explain how standing waves of cur- 
rent and voltage occur on an open- 
ended line. 


How does the instantaneous value of 
voltage or current vary at a given 
point along an open-ended line? 


. How does the instantaneous value 


of voltage or current vary along the 
open-ended line at a given instant of 
time? 


. Explain the terms node, anti-node, 


loop. 


How far apart along a line are nodes 
and loops? 


Explain how the peak value of cur- 
rent or voltage varies at a given 
instant along a line for 

(a) a travelling wave 

(b) a standing wave. 


(a) What is the standing-wave ratio 
of a line? 

(b) The standing-wave ratio of a 
line is 2:1. If the voltage mea- 
sured at a voltage anti-node is 
18, what is the voltage at a 
node? 


Voltage nodes occur along a two- 
wire parallel conductor line at inter- 
vals of 0.425 feet. Calculate the 
frequency of the wave in Mc/s. 


Along a concentric line with air 
insulation the voltage anti-nodes are 
12.7 cm. apart. Calculate the fre- 
quency of the wave in Mc/s. 


The frequency of a generator feeding 
a twisted-pair line is 2000 Mc/s. 
Calculate the possible minimum and 


25. 


26. 


27. 


28. 


29. 


30 


31 


32. 


33. 


34, 
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maximum values of the distance be- 
tween successive current nodes along 
the line. 


(a) What is an absorption-type 
standing-wave indicator? 

(b) What are the components of a 
simple indicator of this type? 

(c) How must an absorption-type 
indicator be used to indicate 
(i) current nodes and loops (ii) 
voltage nodes and loops? 


Explain the action of the indicator 
shown in Fig. 10-12. 


(a) Explain the action of the indi- 
cator of Fig. 10-13. 

(b) What are the functions of R, 
and Re, L; and L,? 


What are the values of current and 
voltage at the end of a shorted line? 


What is the requirement for the pro- 
duction of standing waves along a 
line? 


(a) What are the four electrical 
constants of a two-wire line? 


(b) Draw a diagram to illustrate 
how a two-wire line is considered 
to consist of these constants. 


(a) Explain what is meant by the 
characteristic impedance of an 
infinite line. 


(b) What symbol represents it? 
What is the input impedance of a 
short length of line with an output 


load equal to the characteristic im- 
pedance? 


Explain what is meant by the charac- 


teristic impedance of a line of definite 


length. 


What is the condition for maximum 
transfer of energy from 

(a) a line to a load 

(b) a generator to a line? 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


43. 


44. 


45, 
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Why are standing waves not present 
along a line terminated by its charac- 
teristic impedance? 


Give the formula for the charac- 
teristic impedance of a two-wire line, 
explaining the meaning of each 
symbol. 


Draw a diagram to show the distri- 
bution of current and voltage on a 
dipole. 


Explain why the dipole radiates effi- 
ciently while a two-wire line radiates 
very little. 


How does the impedance vary along 
a dipole? 


(a) What is the character of the 
impedance at the centre of a 
dipole? 

(b) What is its value in the case of a 
dipole situated far from disturb- 
ing influences? 

(c) What is it called? 


(a) What is a non-resonant line? 


(b) What should the value of the 
standing-wave ratio on such a 
line be? 

(ec) Compare the phases of current 
and voltage on this type of line. 


Explain the advantages of a non- 
resonant line when used 

(a) between a transmitter and aerial 
(b) between an aerial and a receiver. 


How is a transmission line made 
non-resonant? 


(a) Name two kinds of match to a 
half-wave aerial. 
(b) How is a match indicated? 


Explain the delta match to a half- 
wave aerial using a diagram to 
illustrate. 


46. 


47. 


48. 


49. 


50. 


dl. 


52. 


53. 


54. 


55. 
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Draw a diagram and explain the 

operation of 

(a) a quarter-wave stub match to an 
aerial 

(b) a half-wave stub match to an 
aerial. 


Why are there two possible match- 
ing points when a half-wave stub 
match to an aerial is used? 


(a) What is a resonant line? 
(b) Explain its advantages and dis- 
advantages. 


Compare a two-wire resonant line 
and a two-wire non-resonant line 
with respect to matching, heat losses, 
radiation losses and need for insula- 
tion. 


Name two types of resonant-line 
feed to an aerial. 


Using diagrams explain the opera- 
tion of a resonant-line centre feed to 
an aerial with the transmitter con- 
nected at 

(a) a current node 

(b) a current loop. 


Using a diagram explain the opera- 
tion of a resonant-line end feed or an 
aerial with the transmitter connected 
at 

(a) a current node 

(b) a current loop. 


Explain how a resonant line is used 
to feed a half-wave aerial which is 
to be used at the first, second or 
third harmonic frequencies. 


Under what conditions does a 
resonant-line section act like a con- 
ventional resonant circuit? 


Draw diagrams to illustrate the cur- 
rent, voltage and impedance distri- 
butions along a 2A resonant line 
section when the line is 

(a) open-ended 

(b) short-circuited. 
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56. 


57. 


58. 


59. 


60. 


61. 


62. 


63. 


Using the diagrams of Question 55, 
fill in the table at the bottom of this 
page for an open-ended resonant line. 


Make a table similar to that of 

question 56 for a short-circuited 

resonant line. 

Draw diagrams to show the change 

in reactance along a 2) resonant-line 

section when the line is 

(a) open-ended 

(b) short-circuited. 

Make tables to show the type of 

reactance for the following lengths of 

resonant-line sections: \/8, less than 

d/4, $A, 2A, $A, when the line is 

(a) open-ended 

(b) short-circuited. 

Give the chief characteristic of 

(a) a quarter-wave section 

(b) a half-wave section. 

(a) Name six types of transmission 
lines. 

(b) Briefly describe the construction 
of each. 


(a) What are the advantages and 


disadvantages of each type of. 


line named in question 61? 
(b) Discuss the applications of each 
type. 
Give the formula for the charac- 
teristic impedance of the following 
lines, explaining the significance of 
each symbol: 


LENGTH OF 
LINE SEcTION 


64. 


65. 


66. 


67. 


68. 


IMPEDANCE 
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(a) single-wire line 

(b) two-wire line with air dielectric 

(c) four-wire line with air dielectric 

(d) rigid air-dielectric concentric line 

(e) flexible coaxial line with any 
dielectric. 


Calculate the characteristic imped- 
ance of a single-wire line 0.5 cm. in 
diameter and 30 feet from the ground. 


(a) Give the formula for the charac- 
teristic impedance of any line in 
terms of its inductance and capa- 
citance. 

(b) Give formulas for the inductance 
and capacitance of a two-wire 
line. 

(c) Using the formulas of (a) and 
(b) find a formula for the charac- 
teristic impedance of a two-wire 
line. 


Calculate the characteristic imped- 
ance of a two-wire line made of 
copper tubing 2 inch in diameter 
spaced 4 inches apart. Check the 
result by using the chart of Fig. 


10-37. 


Use the chart of Fig. 10-37 to find 
the necessary spacing of a two-wire 
line of No. 16 wire to give a charac- 
teristic impedance of 500 ohms. 


Check the value of the answer ob- 
tained in question 67 by using the 
formula. 


Type OF EQUIVALENT 
RESONANT CrRcUIT 


r/4 


d/2 


ran 


1r 


12) 


13d 


13d 
2d 


69. 


70. 


el. 


72. 


73. 


74, 


75. 
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(a) Use the chart of Fig. 10-47 to 
find the characteristic impedance 
of a rigid air-dielectric concen- 
tric line in which the inner dia- 
meter of the outer conductor is 
0.75 inches and the outer 
diameter of the inner conductor 
is 0.25 inches. 

Check this value by using the 
formula. 


(b) 


What is the effect on the characteris- 
tic impedance of a flexible coaxial 
line if the dielectric is a solid material 
other than air? 


(a) Explain the purpose of the com- 
ponents of the transmission-line 
oscillator of Figs. 10-48 and 
10-49. 

At what frequency is it designed 
to operate? 

What kind of resonant-line sec- 
tion is used and what is its func- 
tion in the oscillator circuit? 
What conditions of construction 
are necessary for the Q of a two- 
wire line or a concentric line to 
have an optimum value for use 
of the line in a transmission-line 
oscillator? 


(b) 
(c) 


(d) 


What are Lecher lines? 

What are the advantages of 
Lecher lines used as oscillatory 
circuits in oscillators? 


(a) 
(b) 


Give seven possible applications of 
resonant line sections. 


(a) Explain how a quarter-wave 
shorted section may be used as 
an insulating device. 

(b) Describe specific cases where this 
principle is employed. 


Explain how a quarter-wave section 

is used as a wave filter to pass 

(a) even harmonics 

(b) odd harmonics of the fundamen- 
tal frequency. 


76. 


eh 


(her 


719. 


80. 


81. 


82. 


83. 


84. 


85. 


86. 
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Use a diagram to explain how a 
quarter-wave shorted section is used 
to match 


(a) a resonant line to a non-resonant 
line 
(b) a receiver to an input line. 


An aerial is to be matched to a non- 
resonant line. Describe how this is 
accomplished using a half-wave 
shorted resonant line. 


(a) What is a quarter-wave trans- 
former? 

(b) Explain how it is used to match 
a 6500 line to a 4500 line. 


What spacing is required for a two- 
wire air-dielectric quarter-wave 
transformer made of copper wire 0.1 
inches in diameter which is to be 
used to match a 6000 line to a 72Q 
dipole? 


Explain how a half-wave open-ended 
section may be used to match a 5500 
line to a 6500 line. 


(a) Using a diagram describe the 
operation of a single-stub tuner 
used to match a line to an aerial. 

(b) Explain how the position of the 
stub connection is found. 


Explain how a stub match is used 
to match a coaxial line to an aerial. 


Two aerials are to operate 180° out 
of phase. Explain how a non-resonant 
line is used to feed these aerials. 


Explain the operation of the feeding 

arrangements shown in Fig. 10-69 

and Fig. 10-70. 

(a) What kind of resonant-line sec- 
tion is used as a phase inverter? 


(b) Explain how this is possible. 


(a) Why are coaxial-line balance 
converters required? 
Name two types of line con- 


verters. 


(b) 
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87. 


88. 


89. 


90. 


91. 


92. 


93. 


94. 


95. 


96. 
97. 


98. 


99: 


With the aid of a diagram describe 

how a sleeve transformer is used to 

convert an unbalanced coaxial line 

to a balanced line. 

Explain the operation of the trom- 

bone transformer when used to trans- 

form an unbalanced coaxial cable to 

feed a balanced dipole. Draw a 

diagram to aid the explanation. 

What is a rotating joint and when 

is it necessary? 

How is inductive coupling used with 

a rotating joint? 

(a) Explain the operation of the 
rotating-joint couplings illustra- 
ted in Fig. 10-77 and Fig. 10-78. 

(b) How is the quarter-wave section 
made use of in each case? 

What are 

(a) guided waves 

(b) unguided waves? 

Why does almost all the energy in a 

guided wave reach its destination? 

In microwave phenomena, how is 

the transmission of energy along a 

transmission line regarded as taking 

place? 

In a sinusoidal plane-polarized elec- 

tromagnetic wave travelling in free 

space 

(a) what fields are present 

(b) how are the fields situated? 


What isa type TEM wave? 

What is the velocity of propagation 
in a dielectric medium? 

What are the characteristics of a 
dominant mode? 

Which type of transmission line is 
usually referred to as a waveguide? 


100. Compare the losses in a hollow 


waveguide with those in an open 
two-wire line and coaxial line. 


101. What is the formula for power 


transmitted on a coaxial cable? 


102. 


103. 


104. 


105. 


106. 


107. 


108. 


109. 


110. 


as We 


112. 


113% 


114. 


115. 


116; 


Wid, 


118. 


E10, 
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Why is the waveguide capable of 
transmitting higher power than the 
coaxial cable? 

What advantages are there in wave- 
guides as compared to other trans- 
mission lines with respect to con- 
struction? 

How can a waveguide be considered 
to be formed by quarter-wave 
sections? 

What frequencies may a waveguide 
carry? 

Explain the range of frequencies 
possible for the waveguide when 
considering Figs. 10-87 and 10-88. 


What is meant by critical minimum 
frequency or cut-off frequency? 


Give the relative importance of 
dimensions a and 6 in Fig. 10-88. 
What are practical dimensions for 
a rectangular waveguide for 10 cm. 
application? 

Describe the representation of elec- 
tric lines in Fig. 10-90. 

Describe the arrangement of the EH 
lines in Fig. 10-91. 

What are the arrangements of the 
Hf lines in Figs. 10-93, 10-94, 10-95? 
What is the A line distribution in 
Fig. 10-96? 

What general methods are employed 
to show E and 4 lines clearly in 
a diagram of fields in a waveguide? 
What is meant by a mode of 
operation? 
Describe the system of numbering 
to differentiate between the modes 
of operation. 

What type of mode is referred to as 
a magnetic wave? 

How is the system of numbering 
applied to a circular waveguide? 
Explain why the modes indicated 
in Fig. 10-99 are determined cor- 
rectly from the figure. 


120. 


121. 


122. 


123. 


124. 
125. 
126. 


127. 


128. 


129. 


130. 


131. 


132. 


133. 


134. 


135. 


136. 
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Describe how a waveguide with a 
TEo,2 mode is developed from a two- 
wire transmission line in Fig. 10-100. 


How are circular waveguides 
developed from two-wire transmis- 
sion lines in Fig. 10-102? 

Give the formula for the maximum 
wavelength which can be trans- 
mitted in the circular waveguide. 
How does the velocity of electro- 
magnetic waves in a guide compare 
with the velocity in free space? 
What is meant by group velocity? 
What is meant by phase velocity? 
What are the conditions of phase 
and group velocity when the r-f is 
at the cut-off frequency? 

What are the two principal methods 
by which energy is put into, or 
removed from, a waveguide? 
Describe the three methods of 
coupling from a coaxial cable to a 
waveguide in Fig. 10-106. 

How is a probe employed. with a 
waveguide for maximum excitation 
or removal of energy? 

Describe the arrangement for vary- 
ing the amount of coupling in Fig. 
10-109. 

What is the characteristic imped- 
ance of free space? 

How does the impedance of a wave- 
guide compare with that of free 
space? 

How may the impedance of a 
rectangular waveguide bedecreased? 
What is the minimum characteristic 
impedance of a practical circular 
waveguide? 

What effect does change in shape 
or size of a waveguide have on its 
characteristic impedance? 

How is energy passed efficiently 
from a guide of one size to that of 
another? 


137. 


138. 


139. 


140. 


141. 


142. 
143. 


144. 


145. 


146. 


147. 


148. 


149. 


150. 


151. 


152. 


153. 


154. 
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Give methods for changing the 
characteristic impedance of a wave- 
guide. 

Describe what is meant by frequency 
pulling and how it may be caused. 
What is frequency splitting and 
what is its cause? 

Describe how mechanical joins be- 
tween waveguide sections are 
achieved with minimum reflection. 


What is meant by a choke joint? 
Why is a choke joint employed? 


Describe the principle of operation 
of the choke joint in Fig. 10-116. 


Give the construction and operation 
of the choke joint in Fig. 10-117. 


What special advantage is there in 
a choke joint with circular wave- 
guides? 

Describe the arrangement and oper- 
ation of the rotating joint shown 
in Fig. 10-119. 


What are the waveguide arrange- 
ments employed for turning corners? 


How are waveguide sections em- 
ployed as resonant cavities? 


For what purposes may resonant 
cavities be employed? 


What is the result if an energized 
waveguide is left open at the end? 


How may the open end of the 
waveguide be adjusted to produce 
an efficient transfer of energy into 
space? 

How may energy be radiated from 
the side of the guide? 


Describe the arrangement and pur- 

pose of the parts of the waveguide 

system shown in Fig. 10-126. 

(a) Give the formula for the cut-off 
wavelength for a T’E,, mode. 

(b) How is the above formula 
modified for the modes, 7’ 1,0, 
T Lege, etre td y,1? 
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Fia.11-2 Electric field waves produced by the 
standing waves of current. 


pended either horizontally or vertically 
depending upon the type of polarization 
and directivity desired. 


A. The Horizontal Dipole 


Consider a half-wave aerial suspended 
horizontally above the ground. Fig. 11-3 
illustrates the aerial as viewed from 
above. Suppose an observer moves 
around a circle, the centre of which is the 
middle of the dipole, and measures the 
field strength. At a position at right 
angles to the line of the dipole the field 
strength is observed to be a maximum. 
The field strength decreases and be- 
comes zero at a position opposite to the 
end of the dipole. As the observer con- 
tinues to move, the field strength in- 
creases and becomes a maximum again 
at right angles to the line of the dipole. 
Therefore, if the observer changes posi- 
tion and moves so as to obtain constant 
field strength, he would move nearer the 
aerial as he approaches the line of the 
dipole, and away from the aerial as he 
approaches a direction perpendicular to 
the line of the dipole. A path of constant 
field strength is a circle on one side of 
the dipole. A similar path is obtained 
on the other side of the dipole. Thus, the 
radiation pattern for the horizontal di- 
pole is a figure of eight as in Fig. 11-3. 

The same radiation pattern is obtained 
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Fr¢.11-3 Radiation pattern of horizontal dipole. 


in the form of a diagram in the following 
manner. The observer moves in a circle 
the centre of which is the centre of the 
dipole. At given positions around the 
circle, expressed in degrees relative to 
the line of the dipole, values of field 
strength are noted. For each angular 
position, a point is plotted on a diagram. 
The distance of the point from the centre 
of the diagram is made proportional to 
the field strength. The points are joined 
to form a diagram as in Fig. 11-3. This is 
called a polar diagram. 

In practice this diagram is not exactly 
obtained if the aerial is near ground and 
other objects. The diagram in Fig. 11-3 
is obtained theoretically, assuming the 
aerial to be remote from ground and 
other objects, that is, in free space. 

If the radiation in all directions from 
the horizontal to the vertical is con- 
sidered, a three-dimensional radiation 
pattern is obtained as in Fig. 11-4. Thus, 
a complete surface pattern of the radia- 
tion from the dipole resembles a dough- 
nut. Fig. 11-5 shows a cross-sectional 
view of this pattern. 

The simple horizontal free-space direc- 
tive diagram (Fig. 11-2) of an aerial does 
not give the complete picture of the per- 
formance of the aerial since the waves 
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Up 


Down 


Fic.11-4 Complete surface radiation pattern of 
horizontal dipole. 


usually of value for communication de- 
part at some angle above the horizontal. 
Thus there may be useful radiation off 
the ends of the horizontal dipole at some 
angle above the horizontal. For example, 
in Fig. 11-5, OA, OB and OC all point 
in the same geographical direction, east, 
but each is at a different angle to the 
horizontal. The purely horizontal wave 
along OA has zero intensity, but OB and 
OC are of appreciable intensity. The 
higher the angle considered the greater 
the field intensity. Thus in plotting such 
a polar diagram it is necessary to specify 
the angle of radiation for which the 
diagram applies. The shape of the 
diagram is different for different radia- 
tion angles. Fig. 11-6 shows the polar 
diagram of a horizontal dipole at radia- 
tion angles of 10, 15 and 30 degrees. 
For the horizontal dipole, the follow- 
ing facts are important. 
(i) Directional effects occur in the hori- 
zontal plane. 
(ii) No directivity occurs in the vertical 
plane at right angles to the dipole. 
(iii) Radiation is horizontally polarized. 
The following terms associated with 


ies? 


Maz. radiation 


Ww 


_ Fia.11-5 Cross-sectional view of surface radia- 
tion pattern of horizontal dipole. 


the study of directional aerials are im- 
portant. 


1. GAIN. 


The merit of a directional aerial is 
measured in terms of its gain. The gain 
is defined as the ratio of the power that 
must be supplied to a standard compari- 
son aerial to lay down a given signal at a 
given point, to the power that must be 
supplied to the directional aerial to give 
the same signal strength at the same 
point. 


Fic.11-6 Polar diagram of horizontal dipole at 
radiation angles of 10, 15 and 30 degrees. 
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Relative 
field strength of 
radiating 
energy 


Vertical dipole 
~ 


S 


Fia.11-7 Polar diagram of radiation from a 
vertical dipole. 


2. DiR&EcTIVITY. 

The directivity of an aerial refers to the 
sharpness or narrowness of the radiation 
pattern. The sharper the pattern the 
greater the directivity. Directivity usually 
results in an increase in gain but some 
aerials are capable of producing increased 
directivity with little or no increase in 
gain. Aerials with sharp patterns in the 
horizontal plane are said to have good 
horizontal directivity, while aerials with 
sharp patterns in the vertical plane are 
said to have good vertical directivity. 


B. The Vertical Dipole 
Consider the half-wave aerial sus- 
pended vertically in free space (Fig. 
11-7) and again imagine that the aerial 


Down 


Fia.11-8 Complete surface radiation pattern of 
vertical dipole. 
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is being looked down upon from a height 
with the page representing the ground. 
The variation of signal strength around 
the aerial is represented graphically by 
the polar diagram shown in Fig. 11-7. 
This directive pattern in the horizontal 
plane is simply a circle indicating that 
the radiation is the same in all directions. 
A complete surface pattern of the radia- 
tion from this aerial resembles a dough- 
nut as shown in Fig. 11-8 and Fig. 11-9. 
For any given angle in the vertical plane 
the field strength is the same in any com- 
pass direction. The field strength is 
different for each vertical angle of radia- 
tion but the shape of the polar diagram 
does not change when the angle is 
changed. Thus there is no horizontal 
directivity. Theoretically the vertical 
dipole in free space has no vertical radia- 
tion. However, it may produce consider- 
able radiation at small angles to the 
vertical and so produce considerable up- 
ward radiation. For example, in Fig. 
11-9, radiation along OA is zero but 
along OB and OC the radiation is appre- 
ciable. Because of this variation in field 
strength at different vertical angles, a 
polar diagram of the vertical aerial must 
specify the vertical angle of radiation 
for which the pattern applies. 

For the vertical dipole, the following 
facts are important. 

(1) Directional effects occur in the ver- 

tical plane. 


Down 


_ Fie.11-9 Cross-sectional view of surface radia- 
tion pattern of vertical dipole. 
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(ii) No directivity occurs in the hori- 
zontal plane. 
(iii) Radiation is vertically polarized. 
Dipoles may have special shapes as 
shown in Fig. 11-10. Such large diameter 
aerials are insensitive to small changes 
in frequency and are not so subject to 
corona discharge as are cylindrical di- 
poles. 


11.2 Modified dipoles. 


A. The Folded Dipole 
The single dipole presents an imped- 


Aerial terminals 


(a) 


5 


ance of approximately 730 at its centre 
(Sec. 10.7). This low-impedance input is 
preferable when a low-impedance trans- 
mission line is used to feed the dipole. 
However, when an open-wire transmis- 
sion line is to be used a dipole having a 
higher input impedance is desirable. This 
is accomplished by using a folded dipole 
(Fig. 11-11 and Fig. 11-12) which con- 
sists of two parallel closely-spaced dipoles 
connected together at the ends. The 
folded dipole behaves as two parallel 
dipoles carrying equal currents. This can 
be understood by observing in Fig. 11-12 
that the voltage at the ends of the two 
dipoles is held the same by the end con- 
nections and therefore the distribution of 
voltage along the dipoles is the same. 
Since the dipoles are similar, equal cur- 
rents accompany the equal voltages. 
Thus the total length of the radiating 
element is now approximately one wave- 
length and the aerial is fed at the ends, a 
point of high voltage and low current. 

If, in a simple dipole and a folded di- 
pole the currents are both J, then the 
following comparison is made. 

For simple dipole 

Current = [ Field = E 
Input power = P 


Input impedance = 


For folded dipole 
Current = J Field = 2E 
Input power = 4P 


lk 


Input impedance = 


(0) 


Fia.11-11 The folded dipole. 


Frg.11-12 Voltage and current distribution on 
folded dipole. 
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Fig.11-13 The turnstile aerial. 


A folded dipole has an input impedance 
four times that of an ordinary dipole. 
Therefore with the aerial in free space 
the input impedance is approximately 
3002. It is practical to connect an open- 
wire transmission line of approximately 
3000 directly to the terminals of the 
aerial without any matching transformer. 

The spacing, d, between the rods is of 


the order of a for wavelengths of ap- 


proximately one-half meter. 
The directive pattern of a folded dipole 
is similar to that for a single dipole. 


B. The Turnstile Aerial 


The turnstile aerial, Fig. 11-13 (a) and 
(b), consists of two driven dipoles erected 
horizontally at right angles to each other. 
The dipoles are fed in such a way as to 
give a 90° phase shift between the dipoles. 
This is accomplished by means of a trom- 
bone transformer. Element AC is across 
one concentric line and element BD is 
across the other. The characteristic im- 
pedance of each of these lines is matched 


to the input impedance of each of the 
dipoles to eliminate standing waves on 
the lines. In effect the two branching 
transmission lines are fed in parallel at 
the tapped point 7. The transmission 
line feeding this point has one-half the 
characteristic impedance of the other 
lines to prevent standing waves on the 
fed line. 

Since the distance between points T 


and S is 7 the energy at S lags that at 


T by 90°. The distance from S to dipole 
BD is exactly the same as the distance 
from T to dipole AC. Hence radiation 
from dipole BD lags that from AC by 
90°. The field strength broadside to one 
of the dipoles is equal to the field from 
that dipole alone (Fig. 11-14). The field 
strength at any other angle is equal to 
the vector sum of the fields from the 
two dipoles at that angle. The vector 
sum of the fields from both dipoles at 
any angle is nearly equal to the field 
strength when measured broadside to one 
dipole. Hence a nearly circular horizon- 
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Fia.11-14 Horizontal directive pattern of turn- 
stile aerial. 


tal directive pattern is produced as 
shown. 


C. The Circular Dipole Aerial 


The circular dipole aerial (Fig. 11-15) 
consists of three dipoles bent to form a 
circle. The three dipoles are driven in 
phase and the radiation is approximately 
uniform in all directions. The interaction 
of the fields is slightly greater than for 
the turnstile aerial. The interaction is 
uniform and does not detract from the 
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Fi¢.11-15 The circular dipole. 
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usefulness of the system as a non- 
directional aerial. The dipoles are centre 
fed and a sleeve transformer is used to 
enable the unbalanced coaxial line to 
feed the balanced dipoles. 


D. Conical Cage Type Dipole 


This aerial (Fig. 11-16) provides an all 
round radiation and uniform efficiency 
over a band of frequencies, for example, 
the band 155-185 Mc/s. 

The aerial is a vertical dipole, each half 
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Fra.11-16 Conical cage type dipole. 
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of which is cone shaped. To obtain best 
results it is fitted as high on the mast as 
possible and well isolated from all metal 
work. To minimize the shielding effect 
of the mast the aerial is connected to an 
L-shaped length of steel-sheathed twin- 
feeder cable so that it can be clamped to 
a gibbet-shaped structure which, when 
fastened to the mast, supports the dipole 
with its axis vertical in a position about 
four feet away from the mast. In order 
to obtain uniform efficiency over a band 
of frequencies it is important that the 
aerial load impedance remain constant 
within reasonable limits. The larger the 
surface area of the two elements of the 
dipole the less critical is the distribution 
of current and voltage with frequency 
and therefore the less the variation of 
the input impedance. By constructing 
the two elements conical in shape a large 
surface area is obtained and minimum 
variation in efficiency over a band of 
frequencies results. The main feeder is 
usually matched to the aerial at the 
upper end of the frequency band and is 
only slightly mis-matched at the lower 
end of the band. 

11.3 Phased systems. The three main 
types of phased systems are: 

(i) the collinear aerial 
(ii) the broadside aerial 
(iii) the end-fire aerial. 


A. The Collinear Aerial 


The collinear aerial consists of two or 
more half-wavelength elements placed 
end to end and excited in phase. The 
simplest form of collinear aerial consists 
of two horizontal half-wave elements 
erected so that they are in line. To 
understand the directivity of such an 
aerial consider first the standing waves 
of current which exist on an aerial con- 
sisting of three half-wavelength elements 
as shown in Fig. 11-17 (a). The current 
is opposite in phase in each half wave- 
length. Now if the aerial is broken at its 
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Fia.11-17 Standing waves of current on a 
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oa aerial and directive pattern. 


centre and quarter-wavelength sections 
are turned back as shown in Fig. 11-17 
(b) currents in the half-wavelength sec- 
tions are in phase. Thus the waves 
reinforce along the horizontal plane at 
right angles to the aerial and the direc- 
tive pattern is as shown in Fig. 11-17 (c). 
Radiation from the stub is negligible. 
The collinear aerial has a directive 
pattern similar to that of the simple di- 
pole but with added directivity. In- 
creased directivity is obtained from the 
three-element aerial, Fig. 11-18 (b), and 
from the four-element aerial, Fig. 11-18 
(c). These aerials require the use of 
quarter-wave phasing sections as shown. 
The directive patterns for all three 
aerials are shown in Fig. 11-18 and it 
should be noted that the beam becomes 
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Fic.11-18 Directive patterns of collinear aerials. 


sharper as the number of elements is 
increased. 

Two half-wavelength elements give 
a power gain approximately 1.6 times 
greater than that of the simple dipole. 
The three-element aerial has a power 
gain of approximately 2.6, the four- 
element array approximately 3.2. 

When the collinear aerial is erected 
horizontally it is directive in the hori- 
zontal plane; when erected vertically it 
is vertically directive. All collinear 
aerials are bi-directional. 


B. The Broadside Aerial 


The simple broadside aerial consists of 
two half-wave radiating elements 
mounted parallel to each other a half 
wavelength apart and driven so that 
their currents are in phase. The prin- 
ciple of the two-element broadside aerial 
may be understood by a consideration 
of Fig. 11-19. Two half-wave elements 
A and B are erected vertically one half 
wavelength apart. Imagine that these 
elements are being looked upon from the 


side with the page representing the plane 
of the aerials. Since the currents in A 
and B are equal and in phase the fields 
radiated from the elements at any in- 
stant are the same in polarity, phase and 
amplitude. By the time energy radiated 
from A reaches B, because of the time 
required for the energy to travel the 
half wavelength from A to B, the phase 
of this energy in the field at B is 180° 
out of phase with the energy radiated 
from B and the two fields cancel. This 
same condition applies to the energy 
radiated from B and reaching A. Thus 
the radiation in the plane of the elements, 


Radiation from aerial A 
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f1qg.11-19 Radiation from two half-wave verti- 


cal elements spaced x apart. 
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Fia.11-20 Radiation from two half-wave verti- 
cal elements spaced x apart. 


that is the plane of the paper, is negli- 
gible. Consider the plane of the elements 
shifted as in Fig. 11-20. Along the 
directions ABE, BAF, as before, radia- 
tion is zero. In the direction CC, the 
distance from A to C is the same as 
from B to C and since the radiations 
start off in phase they reach point C in 
phase and are additive. Along any other 
direction XX, the distance from A to X 
differs from the distance from B to X. 
Thus an intermediate field strength is 
obtained at X and similarly at X,. The 
directive pattern is as shown in the 
diagram with the maximum energy radi- 
ated in a direction broadside to the plane 
of the elements. If the elements A and B 
are looked down upon from a height 
and if the plane of the page represents 
the ground the horizontal directive pat- 
tern may be indicated as in Fig. 11-21. 
The surface pattern of the broadside 
aerial is shown in Fig. 11-22. 

Broadside aerials are used with the 
elements erected vertically or horizon- 
tally. In the former case horizontal 
directivity is obtained while the vertical 
pattern is the same as for one element 
alone. In the latter case the pattern is 
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Fra.11-21 Horizontal directive pattern of 
broadside aerial. 


sharpened in the vertical plane. The 
height required limits the number of 
elements which can be suspended hori- 
zontally so that more than two are not 
often used. The gain obtained from a 
broadside aerial is increased by increas- 
ing the number of elements. Fig. 11-23 
shows the relative gain and directivity 
of broadside aerials with 2, 4 and 6 
horizontal elements. As in the collinear 
aerial, radiation is bi-directional. 


C. The Broadside Array 


The broadside array consists of col- 
linear elements stacked above and below 
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Fia.11-22 Surface pattern of broadside aerial. 
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Fia.11-23 Relative gain and directivity of 
broadside aerials with 2, 4 and 6 horizontal 
elements. 


another set of similar elements as shown 
in Fig. 11-24. Thus two broadside aerials 
may be combined to form an array. The 
gain of broadside arrays depends upon 
the spacing, number and tuning of the 
elements. In practice high gains are 
readily obtainable. In these arrays radia- 
tion is concentrated into a narrow hori- 
zontal beam at very low angles above 
the horizon. The low-angle radiation is 
obtained as a result of the broadside 
aerial pattern. 

The method of feeding the various 
elements of a broadside array may be 
understood by a consideration of Fig. 
11-24. 

The single pair of elements shown in 
Fig. 11-24 (a) are fed in phase since the 
feeder line makes the right end of each 
element positive at the same instant and 
by the same amount. This voltage con- 
dition also causes the currents in each 
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Fig.11-24 Method of feeding elements of a 
broadside array. 


element to be in phase and have the 
same magnitude. 

The three-pair broadside array shown 
in Fig. 11-24 (b) is excited by connecting 


the pairs at intervals of 5 along the trans- 
mission line as indicated. At intervals of 
5 along the line the voltage has opposite 


phases regardless of whether the line is 
resonant or non resonant. Further, the 
voltages are of the same magnitude at 
these intervals if the line is lossless and 
the load is concentrated at the end or at 
positions an integral number of half 
wavelengths from the end. 

Fig. 11-25 shows a stacked dipole 


array consisting of 16 horizontal x ele- 


ments, four erected in a line horizontally 
and four in parallel vertically. The 
method of feed is again accomplished by 
connecting at points which are at inter- 
vals of half wavelengths along the trans- 
mission line with reversed connections 
for each pair. This array radiates a 
narrow beam in both directions broad- 
side to the plane of the array elements. 
If a still narrower beam is required addi- 
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Fic.11-25 Stacked dipole array consisting of 
16 horizontal 2 elements, four in line horizontally 


and four in parallel vertically. 


tional elements may be added both 
vertically and horizontally. The pattern 
may be made narrower in the vertical 
plane by stacking more elements one 
above the other; it may be made narrower 
in the horizontal plane by increasing the 
number of collinear elements. 

From the above methods of feeding 
the elements of a broadside array it can 
be seen that the part of the transmis- 
sion line within the array becomes a 
resonant line and there are standing 
waves on it. Thus this part of the line 
radiates energy but because of the close 
spacing and opposite phase of current in 
Radiation 
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‘ 
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Fig.11-26 Principle of end-fire aerial. 
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each line the fields cancel and the effect 
on the array pattern is negligible. 

The practical method of reversing the 
element connections is to twist the line 
and so avoid any lack of symmetry 
which otherwise may be introduced. 

D. The End-Fire Aerial 

The simple end-fire aerial consists of 
two dipoles mounted parallel to each 
other, one quarter wavelength apart and 
driven so that their currents are 90° out 
of phase. The principle of the end-fire 
aerial may be understood by considera- 
tion of Fig. 11-26. Two half-wave 
elements are erected vertically in free 
space one quarter wavelength apart. 
Since the currents in A and B are equal 
and 90° out of phase the fields radiated 
from the elements at any instant are the 
same in amplitude and are 90° out of 
phase. By the time the radiated energy 
reaches B the energy leaving B towards 
C has the same phase and so they are 
additive. Along any other direction OX 
the distance from A to X in the hori- 
zontal plane differs from the distance 
from B to X. Thus an intermediate 
field strength is obtained at X. However, 
by the time the radiated energy leaving 
element B reaches A the energy leaving 
A is 180° out of phase causing complete 
cancellation in the direction OC;. The 
directive pattern in the horizontal plane 
is shown in Fig. 11-26 and Fig. 11-27 


Top of vertical 
half-wave aerials 


Fie.11-27 Horizontal directive pattern of the 
end-fire aerial. 
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Fig.11-28 Vertical directive pattern of the end- 
fire aerial. 


with the maximum energy radiated in a 
direction along the plane of the elements 
towards the element B. The other ele- 
ment A is therefore sometimes referred 
to as a driven reflector. 

In the vertical plane containing the 
elements there is a similar directional 
effect but it is modified by the fact that 
radiation from the ends of the elements 
is zero. Thus, in the vertical plane the 
beam is narrower and the directive pat- 
tern is shown in Fig. 11-28. The complete 
surface pattern is shown in Fig. 11-29. 

The gain depends on the number of 
elements, spacing and phasing. The 
end-fire aerial gives both horizontal and 
vertical directivity regardless of whether 
it is mounted horizontally or vertically. 
If the elements are mounted horizontally 
a broad vertical pattern together with a 
sharper horizontal pattern results. 

The plane of polarization of any direc- 
tional system is the same as the plane of 
polarization of one of the elements. End- 
fire aerials provide the greatest gain and 
directivity for a given space. However, 
since their radiation resistance is low 
they are difficult to feed. 

11.4 Parasitic arrays. If a wire or rod 
one half wavelength long is erected 
parallel to and near a driven dipole, it 
has a current induced in it and re- 
radiation from it results. The re-radiated 
energy combines with that directly 
radiated by the driven element and modi- 
fies the directional pattern of the dipole. 
The modifications in the pattern depend 
upon the relative positions of the two 
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Fic.11-29 Surface pattern of the end-fire aerial. 


rods, the magnitudes of the currents in 
them and the phases of these currents. 
The free wire or rod is a parasitic element 
and is said to be parasitically excited. 
It is characteristic of parasitic-element 
systems to provide maximum radiation 
in one direction only as compared with 
the many directive systems which are 
bi-directional. This is a useful feature, 
especially in rotatable systems, because 
it helps to reduce interference due to 
reception from directions other than 
that along which communication is being 
carried on and also reduces the inter- 
ference which the transmitter might 
otherwise cause in those same directions. 
The parasitic element, which is always 
erected parallel to the driven element, 
may be either, 

(i) a reflector if it is erected on the side 

opposite to the major lobe, 
(ii) a director if it is erected on the side 
containing the major lobe. 

Figs. 11-30 and 11-31 indicate the rela- 
tive positions of a director and a reflector 
respectively while Fig. 11-32 illustrates 
an 1l-element aerial system using three 
reflectors and seven directors. This 
aerial system has reflectors above, below 
and behind the driven element and seven 
directors in the line of the major lobe. 


A. The Reflector 


Consider a parasitic element B one 
half wavelength long (Fig. 11-33) placed 
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F1a.11-30 Dipole with director element. 


parallel to and one quarter wavelength 
from a driven vertical element A. Since 


te. ; 
the parasitic is ri from the driven element 


the field at the parasitic is 90° behind 
the field radiated at the aerial. A current 
is induced in the parasitic and this cur- 
rent, obeying Lenz’s Law, tends to 
oppose the effect producing it. This 
means a phase shift of 180° is introduced 
and thus the energy re-radiated from the 
parasitic is 90° ahead of that radiated 
from the driven element. By the time 
the re-radiated energy reaches A it is 
exactly in phase with the energy radiated 
from A towards C and so the fields are 
additive. Along any other line OX in 
the horizontal plane the distance from 
A to X differs from the distance from 
B to X and an intermediate value of 
field strength is obtained at X. How- 
ever, by the time the radiated energy 
travelling out from A towards C, reaches 
B it is exactly in anti-phase with the 
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Fia.11-32 1l-element aerial system using 3 
reflectors and 7 directors. : ° 
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Fia.11-31 Dipole with reflector element. 


re-radiated energy from B towards C; 
causing cancellation of the fields in the 
direction OC. The directive pattern in 
the horizontal plane is similar to the 
pattern obtained from an end-fire array. 
Further, as for the end-fire array, there 
is a similar directional effect in the verti- 
cal plane containing the aerials but 
somewhat narrower since there is zero 
radiation from the ends of the aerials. 

In practice it has been found that it is 
not necessary to have the reflector exactly 
one quarter wavelength behind the driven 
element. If the parasitic element is 
lengthened it becomes inductive. This 
produces a lag in the induced current and 
hence a phase lag in the re-radiated field 
which may be compensated for by moving 
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Fia.11-33 Function of reflector. 
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Fig.11-34 Function of director. 


the parasitic element closer to the driven 
element. Optimum results are obtained 
from a reflector slightly longer than one 
half wavelength located at a distance of 
0.15 of a wavelength behind the driven 
element. 
B. The Director 

Consider a parasitic element B slightly 
less than one half wavelength long (Fig. 
11-34) erected parallel to and one quarter 
wavelength from a driven vertical ele- 
ment A. Since the length of the aerial is 
now slightly less than one half wave- 
length it is capacitive..-The change from 
inductive to capacitive reactance intro- 
duces an additional’ phase shift. The 
fields which cancelled in' the case of the 
reflector now become additive and those 
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F1q.11-35 Theoretical gain of aerial systems 
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which reinforced each other now cancel 
each other. Thus the maximum energy 
is now radiated in the direction of the 
parasitic element. The parasitic element 
has become a director and the horizontal 
directive pattern is shown in Fig. 11-34. 
Optimum results are obtained from a 
director which is slightly shorter than 
one half wavelength located at a dis- 
tance of 0.1\ from the driven element. 


C. Multi-Element Parasitic Arrays 


1. Tue Yact ARRAY. 


Several parasitic elements may be used 
in conjunction with a driven element to 
further increase the directivity and gain. 
Combinations of driven element, reflector 
and director, together with the approxi- 
mate theoretical gain are shown in Fig. 
11-35. The directive pattern shown in 
Fig. 11-36 which is produced by such 
arrays demonstrates how the parasitic 
elements concentrate the radiation into 
a narrow uni-directional beam. 

One common type of Yagi array is 
made up of ten directors, three reflectors 
and a driven folded dipole as shown in 
Fig. 11-37 (a) and (b). The reflectors 
above and below the driven element 
serve to cut off radiation in these direc- 
tions and so reduce the width of the 
beam in the vertical plane.. Fig. 11-38 
(a) and (b) represent the vertical and 
horizontal directive patterns when the 
elements of the array are mounted hori- 
zontally. Small lobes exist to the sides 
and rear of the major lobe. 

A smaller Yagi aerial system consist- 
ing of a folded dipole, three directors, 
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Fic.11-36 Directive pattern of Yagi array. 
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Fig.11-37 Yagi array of 10 directors and 3 
reflectors. 
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Fia.11-38 Vertical and horizontal directive 
pattern of a horizontal Yagi of 10 directors and 
3 reflectors. 
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Fia.11-39 Yagi array of 3 directors and 1 
reflector. 


and 1 reflector is shown in Fig. 11-39. 

A larger Yagi array often referred to 
as the fishbone aerial is shown in Fig. 
11-40 and consists of six Yagi units. In 
this case the reflectors above, below and 
behind the driven element of the regular 
Yagi are replaced by a solid reflecting 
surface. Directivity in the plane con- 
taining the element supports is obtained 
because of the length of the radiating 
source as in a broadside array. Direc- 
tivity in a plane perpendicular to the 
plane containing the element supports 
is obtained as a result of the directors 
and solid reflecting surface. 

2. Tur Lazy-H Array. 

The lazy- H array is a combination of 
driven and parasitic elements. It con- 
sists of four centre-fed dipoles grouped 
in the form of an H as shown in Fig. 
11-41. Each of the driven dipoles has a 
parasitic element mounted behind it, 
properly spaced and cut to act as a 
reflector. This array combines the direc- 
tional effects of the collinear array, 
broadside array and parasitic reflector 
array. In practice the dipoles are mounted 
horizontally and the directivity in the 
horizontal plane is the same as the 
directivity of a collinear array with re- 
flectors as shown in Fig. 11-42. The 
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Fie.11-40 Array of 6 Yagi units sometimes referred to as the fishbone aerial. 
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Fie.11-43 Vertical radiation pattern of Lazy- 
Hsarray. 


directivity in the vertical plane is that pro- 

vided by a broadside array (Fig. 11-48). 

The side lobes for the lazy- H array are 

smaller than those of the Yagi array. 

3. THE BROADSIDE CURTAIN OR BILL- 

Boarp ARRAY. : 

The broadside array which provides 
bi-directional radiation is of no use in 
radar applications. One of the main 
lobes is eliminated by either of two 
methods: 

(i) by means of a second similar broad- 
side array properly phased and 
spaced with respect to the first 

(ii) by means of a reflecting screen. 

If the first method is used the best 

arrangement results when the second 


array is placed ; behind the first. The 
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Frca.11-44 The broadside curtain or billboard 
array. 


second array is excited with currents 
which are equal in magnitude but which 
lead the main array currents by 90°. 
In practice, the added broadside array 
usually consists of parasitic elements. 


r 
These elements are not placed exactly 7 


behind the driven elements as is the case 
for parasitic reflectors. 

The second method of producing uni- 
directional radiation from a broadside 
array is to place a conducting screen or 


. ; r ; 
curtain approximatelv qbehind thearray. 


This conducting curtain (Fig. 11-44) 
consists of a screen or grid structure to 
reduce weight and wind resistance and 
eliminate any visibility difficulties. The 
screen of Fig. 11-44 (a) permits the 
array elements to be placed either 
vertically or horizontally while the screen 
shown in Fig. 11-44 (b) imposes the con- 
ditions that the array elements be parallel 
to the screen wires. The presence of a 
screen eliminates back radiation by re- 
flection and at the same time it sharpens 
the forward pattern. 
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11.5 Parabolic reflectors. The funda- 
mental principles which apply to aerials 
at the lower frequencies also apply at the 
ultra-high frequencies. Microwave direc- 
tive aerials may be built into a very 
small space. At the microwavelengths 
parabolic and horn type reflectors, which 
are too large and bulky at the lower 
frequencies, find wide application. 

At the very high frequencies electro- 
magnetic waves and light waves become 
identical in character. Thus the re- 
flector property of the parabola may be 
utilized at the microwavelengths. If a 
dipole is placed at the focus of a 
parabola (Fig. 11-45) there is current 
induced in the copper parabola which 
re-radiates a new field concentrated into 
a beam in a direction parallel to the axis 
of the parabola. Direct radiation from 
the driven dipole is usually prevented 
by means of a flat or hemispherical re- 
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Reflector to prevent 
direct radiation 


Reflected radiation 


Horizontal section 
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Driven dipole 


Vertical section 
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Fic.11-45 Operation of parabolic reflector. 
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flector so that interference effects be- 
tween the direct radiation and the re- 
flected radiation are minimized. 

One type of practical parabolic re- 
flector or mirror, shown in Fig. 11-46, 
consists of a parabolic spheroid which 
resembles a saucer. It is sometimes 
referred to as a parabolic dish. Very 
narrow beams are possible with this type 
of reflector. Typical directional patterns 
obtained from a parabolic dish reflector 
are shown in Fig. 11-47 (a) and (b). 

Fig. 11-48 shows a parabolic reflector 
which is made up of rods. This serves to 
reduce wind resistance which is appre- 
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Fra.11-46 3 cm. dipole with parabolic reflector. 
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Fia.11-47 Directional patterns obtained for a 
parabolic disk reflector. 


ciable in a parabolic reflector of this 
physical size. This reflector is often 
referred to as a parabolic basket. 

Another type of parabolic reflector is 
the parabolic slice shown in Figs. 11-49, 
11-50, 11-51 and 11-52. Figs. 11-49 and 
11-50 show a parabolic slice with closed 
top and bottom while Figs. 11-51 and 
11-52 shows one with an open top and 
bottom. In each case the radiating 
element is located at the focus on the 
axis of the parabola. Slices are usually 
designed so that the focus lies well within 
the mouths so that almost all the radiated 
energy is intercepted and reflected by the 
parabolic surfaces. 

11.6 Feeds for parabolic aerials. The 
feed system for a parabolic aerial may 
employ coaxial lines or waveguides and 
may be classified as rear or front feed. 
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Fia.11-48 Parabolic basket. 
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Fic.11-49 Parabolic slice with closed top and 
bottom. 


Fi1a@.11-50 Parabolic slice with closed top and bottom. 
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Fia.11-51 Parabolic slice with open top and bottom. 
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Fig.11-52 Parabolic slice with open top and 
bottom. 


F1a.11-53 Front waveguide feed of a parabolic 
slice. 


A. Front Waveguide Feeds 


A front waveguide feed of a para- 
bolic slice is shown in Fig. 11-53. In front 
of, and slightly below the transmitting 
aerial mirror is the magnetron oscillator 
box. Projecting upwards out of the 
oscillator box is the lower part of the 
waveguide feed, which is in line with but 
separated from the upper part of the 
waveguide feed which is fixed to the 
parabolic slice. The gap between the 
two parts fulfills two purposes. 


(i) It isolates the rigid upper part from 
the shock-absorber-mounted lower 
part (oscillator box). 


It allows the magnetron anode, con- 
nected electrically to the lower part 
of the waveguide, to be insulated 
from earth, so that a current trans- 
former can be inserted between the 
anode and earth in order to observe 
the anode current. 

The energy radiated along the wave- 
guide is projected from the flared end 
of the guide onto the parabolic slice from 
which surface it is reflected. This aerial 
system is used in radar surface-search 


(ii) 


Horizontal Vertical 
radiation pattern radiation pattern 
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Fic.11-54 Radiation pattern of aerial system 
of Fig. 11-53. 


systems which require a highly directive 
beam in the horizontal plane and less 
directivity in the vertical plane because 
of the rolling and pitching of the ship. 
The radiation pattern is shown in Fig. 
11-54. The flared section of the wave- 
guide, sometimes called a horn, is oriented 
to produce vertical polarization. The 
flare increases the directivity and also 
the gain by reducing the amount of 
primary radiation that escapes reflec- 
tion. The length of the horn and the 
flare angle determines the directivity of 
the radiation which energizes the re- 
flector and also affects the terminating 
impedance for the waveguide. Flaring 
the end of a waveguide results in a 
decrease in guide wavelength so that the 
wavelength at the mouth of the horn 
can be made nearly the same as the 
free-space wavelength. At the same 
time, flaring the end of the waveguide 
also results in a change in the wave 
impedance at the mouth of the horn to a 
value which approaches the wave im- 
pedance in free space. Thus such a horn 
can be used to radiate into free space as 
the proper termination of the guide for 
maximum transfer of energy is realized. 
Also when used to feed a parabolic 
reflector satisfactory terminations may 
be obtained by adjustment of the horn 
dimensions and the spacing between the 
horn and reflector. 
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Fia.11-55 Rear waveguide feed. 


The parabolic slice of Fig. 11-50 is 
also fed by means of a flared waveguide. 


B. Rear Waveguide Feed 


‘The 3 cm. aerial system shown in 
Fig. 11-46 employs rear waveguide feed. 
An expanded diagram of the feed is shown 
in Fig. 11-55. The dipole radiating 
element is so placed that nearly all the 
energy from the waveguide is absorbed 
and re-radiated from the aerial. This 
is partly accomplished by means of the 
second dipole reflector placed one quarter 
of a wavelength from the driven dipole. 

A rear waveguide feed which finds fre- 
quent application is the Cutler feed shown 
in Fig. 11-56. The waveguide is ter- 
minated in a rectangular box which may 
be considered as two small waveguides 
formed by dividing the main waveguide 
feed into two parts and bending each 
part back through 180°. The open slots 
are one half wavelength apart and radiate 
the energy toward the parabolic reflector. 
Since the slots are one half wavelength 
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Fic.11-56 Cutler rear waveguide feed. 
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to show rear coaxial feed 
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Fig.11-57 Coaxial feed to 10 cm. radar aerial. 


apart the shorter dimension of the wave- 
guide must be very small at the terminal 
point where the waveguide is divided 
and bent back. To provide for this the 
main wave guide is tapered and mis- 
match, which would otherwise be intro- 
duced by a sudden change in the shorter 
dimension of the waveguide is avoided. 
Tapering the guide in the shorter dimen- 
sion does not affect the wave impedance 
of the guide (Sec. 10.24). 


C. Coaxial Feeds 


Fig. 11-57 shows a coaxial feed for a 
receiving aerial system of 10 cm. radar 
equipment. The receiving mirror re- 
ceives energy reflected from the target 
and concentrates it at the dipole placed 
at the focus of the mirror. The dipole 
is set in a polythene cap and each arm 
of the dipole is 2.25 cm. which is less 
than one-quarter of 10 cm. since the 
wavelength in polythene is less than in 
air. The overall dipole length is 4.9 cm. 
A small parabolic slice, fixed in front of 
the dipole, reflects back onto the dipole 
any energy from the mirror which has 
passed the dipole, thus increasing the 
efficiency of the system and preventing 
direct re-radiation toward the target. 
The dipole is connected via a sleeve 
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Fi1c.11-58 Dipole connected via sleeve trans- 
former to an unbalanced coaxial line. 


transformer to the unbalanced coaxial 
line (Fig. 11-58). The concentric line 
is taken through the back of the mirror 
and so to the receiver. 

Expanded diagrams of other coaxial 
feeds used with 10 cm. radar equipment 
are shown in Fig. 11-59. In these dia- 
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grams only the dipole sections of the 
aerial systems are shown with parabolic 
mirrors omitted. Fig. 24-59 (a) shows a 


r 
dipole connected to a A sleeve trans- 


former and a dipole reflector. Fig. 24- 
59 (b) employs a phase-disc reflector. 

11.7 Horn radiators. Horn radiators 
are of sufficiently small physical size to 
become practical at the microwave- 
lengths. These radiators do not involve 
resonant elements and consequently they 
are usable over a wide frequency band. 
The operation of the horn radiator is 
similar to the horns of acoustic systems. 
The acoustic horn usually has a throat 
with dimensions smaller than the sound 
wavelengths for which it is used, while 
the throat of the electromagnetic horn 
has dimensions comparable to the wave- 
lengths used. Horn radiators are usually 
fed by means of waveguides. The shape 
of the horn along with the dimensions of 
its mouth determines the field pattern. 
In general, the larger the opening of the 
horn the more directive is the resulting 
field pattern. An aperture of approxi- 
mately five wavelengths produces a radi- 
ated major lobe of approximately 30°. 

The important feature of a horn 
radiator is that a horn radiates a direc- 
tive beam similar to that of an array, 
with reflectors, which covers an area 
approximately equal to the area of the 
mouth of the horn. The beams produced 
by horn radiators are shown in Fig. 
11-60 together with the corresponding 
curtain arrays which produce the same 
pattern. Thus it is evident that the use 
of a flared waveguide or horn as a 
radiator simplifies the task of tuning 
and matching feeders in an elaborate 
curtain array. 

When the end area of a horn radiator 
is reduced side lobes are produced. The 
directive pattern is a function of the 
shape and area of the open end of the 
horn. 
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Fia. 11-60 Radiation from horn radiators. 


11.8 Corner reflectors. The corner 
reflector consists of two flat conducting 
sheets that meet at an angle to form a 
corner (Fig. 11-61). This reflector usually 
has a driven dipole mounted so as to 
bisect the angle at the corner. Maximum 
radiation is in the horizontal plane. The 
corner reflector provides greater gain 
than the parabolic reflector. Greatest 
gain is obtained when the distance d is a 
half wavelength and the angle between 
the sides is 45 degrees. The sheets are 
made the same height as the dipole and 
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Frq@.11-61 Corner reflector. 


the width of a sheet approximately two 
wavelengths. The sheet width is not 
critical. 

11.9 Ground effects. The directional 
performance of an aerial is modified con- 
siderably by the presence of the earth 
underneath it. All of the directional 
patterns thus far discussed have been for 
aerials in free space. At ordinary fre- 
quencies the distance between the aerial 
and earth plays an important part. The 
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Fia.11-62 Ground effect. 


earth acts like a huge reflector for those 
radiated waves lower than the horizontal. 
The angle of reflection is the same as 
the angle of incidence (Fig. 11-62). The 
reflected waves combine with the direct 
waves, or those radiated at angles above 
the horizontal in various ways depending 
upon the manner in which the aerial is 
oriented, its height, its length and the 
character of the ground. 

At some vertical angles above the 
horizontal the direct and reflected waves 
are exactly in phase and the resultant 
field is equal to the sum of the two fields. 


(d) (e) 


Fiac.11-63 Image aerials indicating relative polarity to actual aerial. 
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At other vertical angles the two waves 
are completely out of phase and the 
resultant field is the difference between 
the two. At still other angles the re- 
sultant field will have intermediate 
values. Thus the net effect of the ground 
is to increase the intensity of radiation 
at some vertical angles and decrease it 
at other angles. 

It is often convenient to think of the 
reflected ray as appearing to come from 
an underground image of the real aerial 
(Fig. 11-62). The image is always as far 
below the ground as the real aerial is 
above it. Like an image in a mirror, the 
image aerial is in reverse as shown in 
Fig. 11-63. If the real aerial is horizon- 
tal, Fig. 11-63 (e), and it is instan- 
taneously charged so that one end is 
positive and the other end negative as 
shown, then the image aerial which is 
also horizontal is oppositely poled. Simi- 
larly if the lower end of a half-wave 
vertical aerial, Fig. 11-63 (c), is negative 
at any instant, the end of the vertical 
image nearest the surface is positive. 
Thus the currents in the horizontal aerial 
and its image are 180° out of phase but 
the currents in the vertical aerial and its 
image are in phase. The effect of ground 
reflection, or the image aerial, is there- 
fore different for horizontal and vertical 
dipoles. 

Thus the relative intensity of radia- 
tion at various vertical angles will depend 
upon the free-space radiation pattern of 
the aerial alone and the modifications of 
that pattern as a result of reflection of 
the waves from the ground. The vertical- 
plane radiation patterns for a vertical 
half-wave aerial above perfectly conduct- 
ing ground are shown in Fig.11-64. The 
height is that of the centre of the aerial. 
The lower end of the actual pattern is 
curved inward as shown by the dotted 
lines, due to attenuation of the low-angle 
radiation because of ground losses. 

The vertical-plane radiation patterns 
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Fia.11-64 Vertical-plane radiation patterns for 
a vertical half-wave aerial above perfectly con- 
ducting ground. 


for a horizontal half-wave aerial above 
perfectly conducting ground are shown 
in Fig. 11-65. 

From Figs. 11-64 and 11-65 it may be 
seen that the additions of the direct and 
reflected fields in some directions and 
subtractions in other directions cause the 
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Fig.11-65 Vertical-plane radiation patterns for a horizontal half-wave aerial above perfectly 
} conducting ground. 
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Frq.11.65 Vertical-plane radiation patterns for 
conducting ground. 


aerial to have a non-uniform field pat- 
tern. Thus, where reinforcement occurs 
lobes are present and where cancellation 
occurs gaps appear. The main factors 
which determine the angle of elevation 
of the lobes and gaps in the vertical polar 
diagrams are the wavelengths and the 
height of the aerial above ground. If 
the height of the aerial is large com- 
pared to the wavelength the first lobe 
is at a very low angle. 

The vertical free-space pattern of a 
Yagi array is shown in Fig. 11-38 (a). 
If this array is located near the ground 
this pattern is modified due to ground 
reflections to obtain a true picture of the 
directive field pattern. The modified 
field pattern of this directional array is 
shown in Fig. 11-66. 
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The effect of a perfectly conducting 
ground can be simulated, in the vicinity 
of an aerial, by means of a metal screen 
or mesh underneath the aerial. Such a 
screen often improves the performance 
of the aerial by reducing losses. The 
screen is most effective at high frequen- 
cies. It should extend at least one half 
wavelength in all directions from the 
aerial. 

11.10 The quarter-wave aerial. A very 
important example of ground reflection 
occurs in the quarter-wave or Marconi 
aerial. This is a vertical quarter-wave 
aerial grounded at one end as shown in 
Fig. 11-67. This aerial acts like one half 
of a half-wave aerial and the ground acts 
as a mirror to supply the missing quarter- 
wave section. The current maximum is 


Fia.11-66 Directive field patterns of Yagi modified as a result of ground reflections. 
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Fre.11-67 Vertical quarter-wave (Marconi) 
aerial. 


at the base. The vertical directive pat- 
tern, Fig. 11-68, is thus the upper half 
of that for a dipole in free space. 

11.11 The ground-plane aerial. One 
example of a ground-plane aerial is the 
steering-wheel or life-saver aerial, (Fig. 
11-69). This aerial has a height of about 
20 inches and diameter of 20 inches. The 
radiating conductor is a vertical quarter- 
wave rod which sends out vertically 
polarized waves. Below this radiator are 
a bakelite insulator and a_ horizontal 
wheel. The wheel portion of the aerial 
furnishes, for a limited distance, a ground 
plane so that the behaviour of the aerial 
is a good deal like that of a vertical 
quarter-wave aerial above a real ground. 
The aerial provides low-angle radiation 
acting to concentrate the energy toward 
the horizon like a simple vertical dipole. 
In effect the operation is similar to that 
of a vertical dipole and the only physical 
difference is that the lower part of the 
dipole is replaced by the horizontally 
mounted ring. In the horizontal plane 
the aerial has a circular radiation pattern 
so that the radiating efficiency in the 
various directions of azimuth is uniform 
unless it is disturbed by the presence of 
nearby metal structures. Good pertorm- 
ance requires the aerial to be located as 
high and as much in the clear as prac- 
ticable. . 

A second aerial employing a vertical 
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Fia.11-68 Vertical directive pattern of vertical 
quarter-wave aerial. 


radiator and simulated ground plane is 
shown in Fig. 11-70. 

The undesirable effect of ground re- 
sistance which absorbs energy from the 
charging currents is minimized by the 
array of conductors at the base of the 
aerial. These conductors, sometimes 
called a cownterpoise, provide a low-im- 
pedance path for the charging currents. 
The counterpoise rods are made approxi- 
mately as long as the aerial is high. 


11.12 Long single-wire aerials. 


A. Resonant Long Single-Wire Aerials 


As shown in section 11.1 the maximum 
radiation from a dipole is broadside to 
it. If the wire is now made a wavelength 
or more in length the radiation tends to 
concentrate more and more off the ends. 
As the number of half wavelengths is 
increased the radiation becomes more 


F1qa.11-69 Ground-plane (steering-wheel) aerial. 
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Fic.11-71 Horizontal directive pattern of a 
horizontal two-wavelength aerial in free space. 


is obtained at the expense of radiation 
Fic.11-70 Vertical radiator with simulated jn other directions. Thus by properly 
ground plane. ; ‘ hs ake ; 
locating a long-wire aerial it is possible 
directive. Fig. 11-71 is the horizontal to send out a stronger signal in a desired 
directive pattern of a horizontal two- direction than is possible with a half- 
wavelength aerial in free space. It waveaerial. Practical directive patterns 
should be noted that the major lobes of horizontal long-wire aerials which give 
occur at angles of about 36°. The long- the relative field strengths for various 
wire aerial radiates more power in its vertical angles of radiation are shown in 
most favourable direction than does a_ Figs. 11-72, 11-73, 11-74, 11-75. 
half-wavelength aerial in its most favour- The problems of feeding a long-wire 
able direction. The power gain of course aerial are similar to those when feeding 
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Fic.11-74 Horizontal directive pattern for 
three-wavelength aerial at vertical angles of 9° 
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and : 


a half-wave aerial except that in adja- 
cent sections’ of a long-wire aerial the 
currents must be out of phase. This 
requirement is met by feeding the long- 
wire aerial at one end or at a current 
loop. Tuned feeders are most practical 
for feeding a multi-band long-wire aerial. 
Feeding the end of the aerial allows it to 
operate as a long-wire aerial on all bands 
but if it is fed at a current loop it only 
operates as a long-wire aerial on the 
band for which a current loop exists at 
the feeding point. 


B. Non-Resonant Long Single-Wire 
Aertals 


The resonant long single-wire aerial 
operates with standing waves of current 
and voltage along the wire. The non- 
resonant long single-wire aerial operates 
with a practically uniform current in all 
parts of the wire. In its simplest form it 
consists of a long single wire (Fig. 11-76) 
grounded at the far end through a 
resistor R having a value equal to the 
characteristic impedance of the aerial. 

The terminating resistor just as in the 
case of an ordinary transmission line 
eliminates standing waves. Thus the 
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Fi1a.11-75 Horizontal directive pattern for five- 
wavelength aerial at vertical angles of 9° and 15°. 


ie 


current decreases uniformly along the 
wire towards the terminated end. The 
decrease in current is caused by radia- 
tion and resistance loss in the wire. 
Since the current in such an aerial is 
relatively small the aerial must be long 
in terms of the wavelength, to produce 
good radiation. Greater length of wire 
is required to radiate the amount of 
energy that can be radiated from a 
resonant long-wire aerial which has 
standing waves. Also the non-resonant 
long-wire aerial must not be so close to 
the ground that the return path through 
the ground will cause cancellation of 
radiation. If the wire is long it is prac- 
tically non-resonant over a wide band of 
operating frequencies. 

The terminated non-resonant aerial is 
practically uni-directional, producing 
greatest radiation in a direction toward 
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Fic.11-76 Non-resonant long single-wire aerial. 
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Fic.11-77 Free-space horizontal directive 
patterns for two long-wire non-resonant aerials. 


the terminated end. The directivity 
varies with the length of the aerial in 
wavelengths but in every case the radia- 
tion in the backward direction is less 
than in the forward direction. The free 
space horizontal directive patterns for 
two typical long-wire non-resonant 
aerials are shown in Fig. 11-77. The 
energy which would be radiated in the 
backward direction from a _ resonant 
aerial is absorbed by the terminating 
resistor of the non-resonant long-wire 
aerial. 

This elementary non-resonant long- 
wire aerial is not an especially good 
radiator and for this reason is not often 
used in this form. However the general 
principle which provides uni-directional 
radiation is utilized in the construction 
of the rhombic aerial (Sec. 11.14) which 
is a highly practical uni-directional aerial 
system. 

11.13 The horizontal V aerial. In 
section 11.10 it is shown that the major 
lobe of radiation from a two-wavelength 


Fie¢.11-78 Horizontal V aerial. 


long-wire aerial occurs in a direction 
which is 36° to the line of the aerial 
(Fig. 11-71). If two such aerials are 
erected to form a V (Fig. 11-78) with a 
contained angle of 72 degrees, that is, 
twice 36 degrees, a very effective bi- 
directional aerial results. If the two 
long-wire aerials which form the V are 
excited 180° out of phase by connecting 
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the two-wire feeder to the lines at the 
vertex of the V, their lobes reinforce 
_along the line bisecting the V angle and 
tend to cancel in other directions (Fig. 
11-78). 

The V aerial is simple to build and 
operate but requires considerable space. 
It operates satisfactorily over a band of 
frequencies although it produces opti- 
mum results for only one frequency. The 
gain of the V can be increased by stack- 
ing a second V above the first a half 
wavelength away and feeding so that the 
legs on one side operate in phase with 
each other but out of phase with the 
legs of the other side (Fig. 11-79). 

The V aerial is made uni-directional 
by using a driven reflector consisting of 
a second V aerial located an odd number 
of quarter wavelengths behind the first 
aerial. This driven aerial is excited 90° 
out of phase to the first aerial. The V 
aerial can also be made uni-directional 
by terminating the open ends of the 
long wires from the V to ground through 
resistors although this practice is not 
recommended and not common. 

The height of the long-wire legs of the 
V above ground should not be less than 
one half wavelength; one wavelength is 


36° 
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Feed 


Fia.11-79 Stacked V aerials. 


common in practice. As the length of the 
aerial, in wavelengths, increases the 
radiation becomes more directive and 
more effective. The maximum angle of 
radiation in the vertical plane is about 
15 degrees if the wire length is of the 
order of five wavelengths; about 25 de- 
grees if the wire length is of the order of 
two wavelengths. 

11.14 The rhombic aerial. The rhombic 
aerial (Fig. 11-80) consists of two non- 
resonant long-wire aerials. The termi- 
nating resistor is connected between the 
far ends of the two wires and is made 
equal to the characteristic impedance of 


Directivity Terminating 


resistance 


F1cG.11-80 Rhombice aerial. 
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the aerial as a whole. The rhombic aerial 
is usually constructed horizontally for 
economy of pole height and for more 
satisfactory horizontal polarization at the 
frequencies for which the aerial is most 
suitable. The rhombic aerial is a develop- 
ment of the non-resonant long-wire aerial. 
If each leg of the aerial is made 2 wave- 
lengths long the major lobe of each wire 
makes an angle of 36° with the wire. The 
tilt angle is adjusted so that the major 
lobes of radiation from the wires add in 
the desired direction. The tilt angle is 
set at 54° and is the complement of the 
angle which the main lobe makes with 
each wire. In directions other than to 
the right in Fig. 11-80 the radiations 
from the individual legs tend to cancel. 
The directional characteristics are not 
particularly critical with respect to the 
tilt angle provided the wire lengths are 
greater than two wavelengths. Typical 
directive patterns of rhombic aerials are 
shown in Fig. 11-81. For best. results 
the rhombic aerial should be erected over 
a soil of good conductivity such as 
marsh or low lying land. 

The characteristic impedance of a 
rhombic aerial is of the order of 700 to 
8002. The correct value of terminating 
resistance is about 8002 and a non- 
inductive resistor of this value provides 
operation not far from optimum per- 
formance. For convenience the terminat- 
ing resistance may be placed at the end 
of an 8002 line connected to the end of 
the aerial. This permits placing the 
terminating resistor at a point which is 
convenient for adjustment rather than 
at the top of a pole. The line length is 
not critical since it is non-resonant. 

The rhombic has the great advantage 
of operation over a wide frequency band 
without readjustment and requires only 
low masts. In addition the rhombic 
may be connected directly to a feeder 
with a characteristic impedance of 650 
to 7002. 


FUNDAMENTALS OF RADIO 


Horizontal directivity of typical rhombic aerial 


(a) 


Vertical directivity of typical rhombic aerial 


(b) 


Fiac.11-81 Typical directive patterns of rhom- 
bic aerials. 


11.15 Field strength measurement. 


A. Units 


The measurement of the strength at a 
given distance from an aerial provides a 
means of assessing its efficiency and the 
directional characteristics of its radia- 
tion. The fundamental unit of field 
strength is the volt per metre but in 
practice the sub-units, millivolt per metre 
and microvolt per metre, are more fre- 
quently used. The voltages induced in a 
receiving aerial at a distance from a 
transmitter are extremely small and for 
this reason the voltages are usually ex- 
pressed in microvolts. 

The voltage represented in space by 
vertical electric lines of force is a func- 
tion of the distance between the hori- 
zontal planes at which the measurement 
is made. Since the field extends upward 
great distances above the surface of the 
earth and since wavelengths are usually 
expressed in metres, it is conventional 
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Output meter 
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Fic.11-82 Arrangement of equipment to make a field strength measurement. 


practice to express field strength in terms 
of microvolts per metre. For example, 
if at a given point a vertically polarized 
electric field has a strength of 500 micro- 
volts per metre, then a vertical aerial 
having an effective height of 1 metre 
erected at that point has a signal voltage 
of 500 microvolts induced in it. If a 
vertical aerial with an effective height. of 
4 metres is erected at that point there 
is a voltage of 2000 microvolts induced 
in it. 

Field strengths vary over wide limits 
depending upon ground attenuation. A 
500 KW broadcast transmitter provides 
an approximate field strength of 6 volts 
per metre at a distance of one mile. 
This is excessive for reception since 
broadcast receivers provide satisfactory 
signal output from input signals as low 
as 2 to 4 microvolts. 


B. Method of Making Measurements 


The usual method of field strength 
measurement is one of comparison with 
a signal of known value. Thus the signal 
to be measured is received in the usual 
manner and the reading of the receiver 
output meter is noted. Then a locally 
generated signal of the same frequency 
is introduced into the receiver and the 
magnitude of the input signal is adjusted 


to produce the same output on the out- 
put meter. In this way the number of 
microvolts induced in the receiving aerial 
by the unknown field is obtained. It still 
remains to find the effective height of the 
receiving aerial. This problem is solved 
if an aerial with a known or easily com- 
puted effective height is used. In prac- 
tice a loop aerial finds wide application 
for field strength measurement below 
2000 Ke/s. The effective height of a loop 
aerial may be calculated from the formula 
27rAN cos 6 
Res = Pee weap 
where, h.;; = effective height of the 
aerial in metres 
A = area of the loop in square 
metres 
N = number of turns 
6 = angle between the plane 
of the loop and the plane 
of wave propagation 
\ = wavelength of the signal 
in metres. 

Fig. 11-82 shows the arrangement of 
equipment to: make a field strength mea- 
surement. 

The calibrated signal generator is con- 
nected to the centre of the loop through 
two 1000 resistors &; and R, in order to 
prevent shunting of the signal genera- 
tor’s output by a low impedance which 
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is of the order of 10 ohms when the loop 
is resonant. Capacitor C is used to tune 
the loop to resonance at the frequency 
of the wave the strength of which is 
to be measured. The loop is connected 
directly to the receiver. The following 
procedure is used in taking a field strength 
measurement. 

(i) The loop is rotated until the plane 
of the loop is parallel to the plane 
of the wave propagation, a condi- 
tion which is determined by obtain- 
ing the position of maximum signal. 


(ii) The signal generator is adjusted to 
the exact frequency of the signal to 
be measured and is then turned off. 

(iii) The gain control is adjusted to pro- 
vide a convenient reading on the 
output meter and this reading is 
noted. 

(iv) The loop is rotated for minimum 
signal, that is the output meter 
should read nearly zero, and the 
signal generator is switched on. 


(v) Without disturbing the receiver 
controls the magnitude of the signal 
generator is adjusted to provide the 
same output meter reading as pre- 
viously noted. 


(vi) The value of the signal induced in 
the loop in microvolts is read from 
the calibrated signal generator. 


(vii) This value is divided by the maxi- 
mum effective height (@ = 0°), in 
metres, of the aerial to obtain the 
field strength in microvolts per 
metre. 


This method of measuring field 
strength is used at broadcast and lower 
frequencies and can be employed at 
higher frequencies. At very high fre- 
quencies it becomes difficult to use a loop 
aerial because of unbalanced effects and 
distributed capacity in the loop. It is 
therefore desirable to use a_ vertical 
aerial. One method is to use a dipole 
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connected to a concentric transmission 
line for an aerial and then replace this 
aerial by a concentric line leading to a 
signal generator for calibration purposes. 

The theoretical radiation patterns of 
specific aerials have been discussed pre- 
viously but it must be pointed out that 
in practice the patterns are somewhat 
different. The practical radiation direc- 
tive pattern for a given aerial may be 
obtained by taking a series of field 
strength measurements and plotting these 
readings on polar graph paper to obtain 
a curve which shows the relative field 
strength along various lines of radiation. 


11.16 Applied mathematics. 
A. Length of Half-Wave Aerial 


Owing to aerial supports the electro- 
static capacity at the ends of a dipole is 
appreciable. This end effect causes the 
electrical length to be almost 5% longer 
than the physical length. The percentage 
varies slightly with different installations 
and different frequencies but on an 
average the length of a half-wave aerial 
for the range 3-30 Mc/s is given by: 


length (in feet) = agen 095 
f(Mc/s) 

or length (in feet) = epiaiilan 
f(Mc/s) 


B. Length of Reflector 


Maximum reflection is obtained from 
a reflector which is about 5% longer 
than the half-wave aerial. That is for a 
reflector: 


reflector length (in feet) = = 


S(Mc/s)’ 
C. Length of Director 


Maximum directivity is obtained from 
a director about 4% shorter than the 
half-wave aerial. That is, for a director: 


director length (in feet) = _ 450 


f(Mc/s)’ 
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11.17 Questions and problems. 


L 


10. 


ike 
12. 


13. 


Define 
(a) aerial gain 
(b) aerial directivity. 


. State the directional characteristics 


of 
(a) a horizontal dipole 
(b) a vertical dipole. 


. Draw the free space polar diagram 


of radiation for 
(a) a horizontal dipole 
(b) a vertical dipole. 


. What is the main characteristic of a 


folded dipole? 


. Why are dipoles often constructed 


with large-diameter elements? 


. State the fundamental principle of a 


turnstile aerial. 


. What is the main advantage of the 


conical or cage type dipole? 


. (a) Explain fully, with the aid of 


diagrams, the principle of the 
collinear aerial. 

Draw diagrams to illustrate its 
directivity. 


(b) 


. (a) Explain fully, with the aid of 
diagrams, the principle of the 
broadside aerial. 

(b) Draw diagrams to illustrate its 
directivity. 

(a) Explain fully, with the aid of 
diagrams, the principle of the 
end-fire aerial. 

(b) Draw diagrams to illustrate its 
directivity. 

What is a parasitic element? 


Define 

(a) reflection 

(b) direction. 

Explain the principle of operation of 


(a) a reflector 
(b) a director. 


14. 


15. 


16. 


ge 


18. 


19. 


20. 
21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


Westy 


Draw approximate polar diagrams 
to illustrate the directivity of 

(a) a Yagi array 

(b) a Lazy-H array. 

State the reflector property of the 
parabola. 


Name 4 types of parabolic reflectors 
and make diagrams to _ illustrate 
each. 


Classify the methods of feed of a 
parabolic reflector. 


Why is direct radiation from a dipole 
which feeds a parabolic reflector 
eliminated? 

How does the effect of ground modify 
the directional performance of an 
aerial? 

What is an image aerial? 

Draw the directional pattern of a 
Yagi as modified by ground effects. 


Statecthetprincipicronewhichaene * 

aerial operates. 

(a) What is meant by a ground- 
plane aerial? 

(b) Give typical examples. 

What is meant by 

(a) a resonant long single-wire aerial 

(b) a non-resonant long single-wire 
aerial? 

Draw the directional pattern of a 

non-resonant long (2A) single-wire 

aerial. 

Draw a diagram of a rhombic aerial 

and indicate its directivity. 

What is the unit of field strength 

measurement? 

Explain the meaning of a field 

strength of 600 microvolts per metre. 


Describe the comparison method of 
making a field strength measurement. 


CHAPTER XII 


PROPAGATION 


In chapter X it has been shown how 
radiation takes place from an aerial and 
how the energy is radiated in the from 
of an electromagnetic field which travels 
out into space with the speed of light, 
3108 meters per second or 162,000 
nautical miles per second. It has also 
been shown that this electromagnetic 
field consists of a magnetic field and an 
electric field, the two being in phase, at 
right angles to each other and both at 
right angles to the direction of travel. 
Within a few wavelengths from the 
transmitting aerial both the lines of mag- 
netic and electric force are appreciably 
curved, but at great distances this curva- 
ture becomes so slight that the front 
presented to a receiving aerial becomes 
almost a plane. This plane is called the 
wave front and is shown in Fig. 12-1 (a). 
In addition, it has been seen that one of 
the essential properties of a propagated 
wave is its polarization. 
polarization is that plane containing the 
line of propagation and the electric lines 
through the line of propagation, Fig. 
12-1 (a). If the plane of polarization is 
vertical, that is, perpendicular to the 
earth’s surface, the wave is vertically 
polarized. If the plane is horizontal the 
wave is horizontally polarized. Oblique 
polarization results when this plane is 
between the vertical and horizontal. 

Vertical polarization does not neces- 
sarily mean that the electric lines are 
vertical. For example, if the line of 
propagation is slanting down toward the 
earth and the wave is vertically polarized 
the plane of polarization is vertical but 
the electric lines in this plane are not 
vertical, Fig. 12-1 (b). 


The plane of’ 


As the energy is radiated from a trans- 
mitting aerial and propagated, in general, 
some electromagnetic energy travels out 
close to the surface of the earth and is 
called the ground wave (or direct ray). 
The rest of the electromagnetic energy is 
concentrated upward at some angle and 
this constitutes the sky wave (or indirect 


Direction 
of propagation 


Plane of polarization 
is part of vertical Abe 


Direction 
of propagation 


Earth 


(0) 


F1c.12-1 Wave front and plane of polarization 
of an electromagnetic wave (a) Electric lines 
vertical (b) Vertically polarized wave in which 
the electric lines are not vertical. 
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ray). The sky wave would be lost com- 
pletely as far as communication is con- 
cerned if it were not reflected back to the 
earth by layers of ions and electrons that 
exist about 50 to 250 miles above the 
surface of the earth. To facilitate under- 
standing of ground wave and sky wave 
propagation, the two waves are dis- 
cussed separately. 

12.1 The ground wave. The ground 
wave is that part of the radiated energy 
which is propagated close to the ground. 
The ground wave follows the irregulari- 
ties and curvature of the earth’s surface 
in much the same way as electromagnetic 
waves are guided by transmission lines. 
The aerial is arranged in practice so that 
the radiated ground wave is vertically 
polarized to prevent severe attenuation 
of the wave. If such a ground wave 
were obliquely or horizontally polarized 
the conductivity of the earth would tend 
to short-circuit any electrostatic com- 
ponent parallel to its surface. Or in 
terms of the magnetic component of the 
wave, if the magnetic field were to cut 
the earth’s surface, the circulating cur- 
rents so formed would dissipate this 
component. 

If the electric lines in the ground wave 
are almost vertical these effects are not 
appreciable. The electric lines are never 
vertical, however, unless the wave is 
travelling over a surface which has in- 
finite conductivity or is travelling in free 
space. Since the conductivity of the 
earth is not infinite and the electric lines 
are not quite vertical, the ground wave 
induces voltages and currents in the 
ground that reduce the energy of the 
wave. The amount of attenuation de- 
pends not only upon the conductivity 
of the earth but also upon the frequency 
of the radiated wave. It is of consider- 
able importance to know the amount of 
the attenuation in order to determine 
the distance the ground wave will travel 
before the signal becomes too weak to 
be detected by a receiver. 
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Soil conductivity depends upon the 
various types of surface over which trans- 
mission is carried out. The conductivity 
and hence the resistivity varies over wide 
limits and the following table gives a 
rough measure of relative resistivity of 
various surfaces. 


RESISTANCE 


SURFACE 
Oums Per Cm. CuBE 


_ Sea water 10 


10° 
10° 
10° 
108 


Wet earth 
Fresh water 
Dry earth 
Dry sand 


Thus the distance that a ground wave 
travels without appreciable attenuation 
depends partly on the nature of the 
surface over which it is propagated. A 
particular wave travels much farther 
over wet ground or the sea than over dry 
ground or desert. 

In addition, the attenuation of radio 
waves increases as the frequency in- 
creases. At relatively low frequencies of 
the order of 30 to 300 Ke/s, the ground 
wave covers long distances, as much as a © 
few thousand miles, with little attenua- 
tion. At medium frequencies, 300 to 
3000 Ke/s, the wave is more quickly 
attenuated, the ground wave covering 
perhaps several hundred miles. High- 
frequency waves, 3 to 30 Mc/s, are 
highly attenuated, being completely ab- 
sorbed after travelling only a few miles. 
The actual distance covered in each case 
depends, of course, on the power of the 
transmitting station. Fig. 12-2 shows 
the range for a vertically polarized 
ground wave for frequencies of 30 to 
3000 Mc/s over earth or sea for a radiated 
power of | kilowatt. 

The range at which ground-wave com- 
munication can be maintained over land 
or sea is important for navigation pur- 
poses on medium frequencies. The 
ground-wave coverage is somewhat less 
during the day than at night, but 
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Curve A —vertical polarization 
over sea 

Curve B—vertical polarization 

over land 


Radiated power = 1 KW 
Field strength = 10uV/m 
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Fiac.12-2 Range of vertically polarized ground 
wave over earth and sea. 


ground-wave reception may be relied 
upon at any given time. Such services as 
broadcast stations and transoceanic radio 
telephony rely mostly on the ground 
wave and therefore employ the low and 
medium frequencies. 

12.2 The sky wave. The sky wave is 
that part of the energy propagated up- 
ward. The sky wave would be of little 
use in communication, however, if it 
continued upward and did not return to 
earth. Fortunately, this is not the case 
and the sky wave is reflected back to the 
earth by the ionosphere or Kennelly- 
Heaviside layer. This phenomenon of 
reflection makes the sky wave of first 
importance in maintaining world-wide 
radio communication. To understand 
how the sky wave is reflected, it is first 
necessary to understand the nature of 
the ionosphere. 

12.3 The nature of the ionosphere. 
The ionosphere is an ionized region that 
exists in the outer portion of the earth’s 
atmosphere. It consists of three main 
ionized layers designated by the letters 
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E, F, and F». These layers extend upward 
irom about 50 miles to 250 miles. The 
lowest or E layer is also known as the 
Kennelly- Heaviside layer after two physi- 
cists who, independently but simultane- 
ously, predicted the existence of this 
region. 

The air of the lower atmosphere in 
normal condition is almost a perfect 
insulator and has negligible effect upon 
the electromagnetic waves which pass 
through it. However air, like other 
gases, under proper conditions may be- 
come ionized, that is, electrons may be- 
come isolated from their molecules leav- 
ing positively charged ions. Ionization 
may occur as a result of electrons being 
released from a molecule not only by 
collisions with other fast moving elec- 
trons but also by other types of radiation 
such as X-rays, ultraviolet rays and cos- 
mic rays. During the daytime the higher 
atmosphere becomes ionized mainly by 
the ultraviolet rays of the sun. After 
ionization the atoms, ions and electrons 
are still in continual motion producing 
collisions and an electron may recombine 
with a positive ion to restore it to a 
molecule once more. As a result of this 
recombination process a molecule once 
ionized does not necessarily remain so. 
In the lower parts of the atmosphere 
collisions are so frequent that this re- 
combination prevents appreciable ioniza- 
tion. In addition the ultraviolet rays 
from the sun are almost entirely absorbed 
by the upper atmosphere. Consequently 
little ionization results below a height of 
50 miles. From a height of 50 miles to 
250 miles conditions are satisfactory for 
considerable ionization. Above 250 miles 
the number of air particles is so small 
that the density of ionized particles is 
negligible. 

The ionosphere consists of several ion- 
ized layers due to the fact that the 
different gases in the earth’s atmosphere 
ionize at different pressures. In addition, 
ionized layers are to some extent the 
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result of ionizing rays penetrating to 
different depths. Asa result, the heights 
of these layers above the earth vary from 
day to day, month to month and from 
year to year. The lower or E layer 
varies from a height of 50 to 90 miles for 
its lower boundary. The other layers, 
F, and F., only occur separately during 
daytime and merge into one layer, usually 
designated by the letter F, at night. The 
F, F, and F; layers are always above the 
E layer. The approximate limits of the 
heights of the various layers of the iono- 
sphere are given in the following table: 


Limits or HEIGHT 
or LOWER 
BOUNDARY 
IN MiuEs 


E 50 to 90 


F (at night) 

F, (day) 

F, (summer day) 
F, (winter day) 


110 to 250 
90 to 155 
155 to 220 
90 to 185 


12.4 Reflection of the sky wave by 
the ionosphere. The radio waves which 
make up the sky wave have their paths 
of travel changed as they pass through 
the layers of the ionosphere. Often the 
path of the sky wave is changed enough 
to make the wave return to earth; some- 
times the sky wave penetrates all of the 
layers and is lost. 

The effect of the ionosphere on the 
sky wave may be seen by a considera- 
tion of Fig. 12-3. Suppose a sky wave is 
radiated from the aerial of transmitter 7 
and travels along the path indicated. 
The path of travel is a straight line until 
the wave reaches the ionosphere. The 
wave path now becomes bent and the 
bending increases as it proceeds into the 
denser portion of the ionosphere. This 
bending always takes place away from a 
region of higher ion density. Thus, the 
wave path through the ionosphere be- 
comes curved as shown and the wave 
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Fic.12-3 Reflection of the sky wave by the 
layer. 


returns to earth. In practice it is con- 
venient to think of the wave as being 
reflected and to assume the path to be 
along the straight lines TA, AR. This 
assumption is made in measurements of 
the heights of the layers of the iono- 
sphere. Thus a signal transmitted from a 
place 7 on the earth may be received 
at a point R. The distance between T 
and R may be far greater than that which 
could be covered by ground wave and 
hence communication is made possible 
by reflection of the sky wave. 

12.5 Effect of frequency on reflection. 
Wave reflection from a layer of the iono- 
sphere depends upon the following three 
factors: 

(i) the frequency of the transmitted 
wave 
(ii) the ion density of the layer 
(iii) the angle at which the sky wave 
strikes the ionosphere. 
If the frequency of a reflected wave is 
gradually increased it is found that a 
critical frequency is reached above which 
the wave is no longer reflected back to 
the earth. The path travelled by a radio 
wave of greater frequency than this 
critical frequency is shown in Fig. 12-4. 
It is seen that the path of the wave 
begins to bend, as before, on reaching the 
ionosphere at A but the bending is much 
less than for a lower frequency. As the 
frequency of the transmitted wave is 
increased further the bending is even 
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Fic.12-4 Path travelled by a sky wave in 
penetrating an ionized layer. 


less pronounced. The bending is still 
away from the region of greater ion 
density as shown. On reaching point B 
the wave is in the region of greatest ion 
density and again the bending takes 
place away from this very dense region. 
As a result, the wave is bent in a direc- 
tion away from the earth and travels 
toward C where it leaves this ionized 
layer. The wave travels outward and 
will not return to the earth unless it is 
reflected from another higher layer. 

12.6 Effect of ion density on reflection. 
In Fig. 12-4 conditions of ion density and 
frequency are such that the sky wave 
penetrates the ionosphere and no reflec- 
tion by this layer occurs. However, if 
the density of the ionosphere increases 
for some reason, it may cause sufficient 
bending of the wave to produce reflec- 
tion even at this higher frequency and 
communication at this frequency would 
be possible. Since the ion density of the 
ionosphere is a function of the atmos- 
pheric conditions it cannot be controlled. 
As a result, to control reflection it is 
necessary to control the frequency of 
transmission. 

An important effect of the ion density 
is the attenuation or absorption of energy 
from the wave. If the attenuation is 
great it becomes an important factor in 
limiting radio transmission. The amount 
of energy dissipated by a radio wave de- 
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pends upon the distance it travels through 
the ionosphere and the density of the 
ions and the air molecules in the layer. 
Since ultraviolet rays from the sun cause 
ionization at a lower level in the day- 
time than at night, and since there are 
more air molecules at the lower levels, 
absorption of energy is greater during 
the daytime than during the night. The 
maximum absorption occurs at a fre- 
quency of about 1400 Ke/s; the farther 
the frequency is from this frequency the 
less the attenuation. 

12.7 Effect of angle of incidence on 
reflection. The angle of incidence is the 
angle between the line of propagation 
and the normal to the ionosphere, Fig. 
12-5 (a). This is the same as the angle 
between the line of propagation and the 
normal to the earth. The effect that the 
angle of incidence has on the direction 
of the reflected wave may be seen from a 
consideration of Fig. 12-5 (b). Sky waves 
are propagated with different angles of 
incidence along the lines 7A, TB and 
TC. The sky wave transmitted along 
direction 7A meets conditions which 
permit it to penetrate the ionosphere. 


Angle of incidence 


Zone of ? 


Critical angle A ; 
reception. / 


of incidence (b) 


Fic.12-5 Reflection of sky waves (a) Angle of 
incidence of sky wave at ionosphere (b) Effect of 
angle of incidence on reflected wave. 
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However, the sky wave travelling in 
direction TB, although of the same fre- 
quency, strikes the ionosphere at a more 
glancing angle and is reflected back to 
the earth. Waves which make greater 
angles of incidence than that of 7B are 
reflected. The greatest angle of incidence 
for which the sky wave, for a given 
frequency, may strike the ionosphere 
and be reflected back to earth is called 
the critical angle of incidence. Waves 
that strike the ionosphere at smaller 
angles of incidence than the critical 
angle penetrate it; those that strike at 
larger angles are reflected. The higher 
the frequency of the wave, the greater 
the critical angle of incidence and hence 
the lower the angle of elevation must be 
to produce reflection. 

Thus there is an area from R, to Re 
called the zone of reception in which it is 
possible to receive a signal transmitted 
from T by means of a reflected sky wave. 
Since the ground wave is completely 
attenuated before reaching D and since 
there is no sky wave returned in the 
area from D to Ry, reception is impos- 
sible in this area. This area where 
reception is not possible is called a zone 
of silence or skip zone. The distance TR,, 
from the transmitter to the place where 
the sky wave is first returned is known 
as the skip distance. 

When a reflected wave is returned to 
the earth, it is in turn reflected by the 
earth and because of its relatively low 
attenuation it continues to skip around 
the earth, making world-wide communi- 
cation possible. This is represented in 
Fig. 12-6 which shows a two-skip trans- 
mission effected by the EZ layer. 

In addition to the above effects, a 
wave which penetrates the E layer may 
be reflected by the F layer and return 
to the earth at a very great distance 
from its starting point. Such a wave 
may, as before, be reflected from the 
earth and produce a multi-hop trans- 
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Fic.12-6 Two-skip transmission effected by 
E layer. 


mission. Indeed, such a wave may be 
reflected back and forth between the 
ionized layers and travel great distances 
in this way. Again, due to changing 
conditions over a long path, reflections 
may occur alternately from the EF or the 
F layers. 

Of course, if the transmitted wave 
strikes the layer at too large an angle of 
incidence the attenuation due to ground 
losses again becomes appreciable and no 
reflection results. Thus, there is an 
upper limit for the value of the angle of 
incidence as well as a critical value at 
the lower limit. 

Fig. 12-7 shows the angles and terms 
which are commonly used in discussion 
of the effect of the ionosphere on a radio 
wave. The height, h, is called the 
vertual height of the ionosphere since it is 
not the true height. The following are 
the designations for the angles indicated 
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Fra.12-7 Designation of angles used in dis- 
cussion of a reflected wave. : 
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in the diagram: 

¢ is the angle of incidence 

W is the angle of elevation at the 

earth’s surface 

6 is the angle of depression at the 

earth’s surface. 
The lower limiting value of W is often 
taken as lying between 3° and 5°. 

12.8 Variations in the ionosphere. It 
has been stated in section 12.3 that the 
heights of the layers of the ionosphere 
may vary from day to day, from month 
to month and from year to year. These 
changes are largely a result of the changes 
in the radiation from the sun. Hence the 
changes in the ionosphere are for the 
most part changes in ion density. If the 
ion density during the day period be- 
comes a maximum at a lower level than 
at night, the virtual height of the iono- 
sphere in effect is changed. The F2 layer 
shows a considerable variation in height 
while the other layers show only a 
moderate variation. 

In general, the variations in the iono- 
sphere can be predicted quite accurately. 
The variations in the EF layer occur 
regularly from day to day and depend 
almost entirely on the position of the 
sun. During the day ionization density 
is highest while during the night it is 
lowest. Again the density is greater 
during summer than during winter. In 
addition to these variations the density 
also varies with sunspot activity and is 
greatest during the most active periods. 
Thus allowances in predictions must be 
made for changes resulting from the 
ll-year solar cycle. The approximate 
variation in the vertical heights of the 
E, F, and F, layers during the day is 
shown in Fig. 12-8. 

12.9 Maximum usable frequency. The 
highest frequency for which waves sent 
vertically upward are returned to the 
earth is called the critical frequency. How- 
ever, it has been seen that waves of 
higher frequencies than the critical fre- 
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Fia.12-8 Hourly variation in virtual height of 
E, F, and F, layers. 
quency may be reflected if radiated at 
an angle of incidence greater than zero. 
If a wave meets the ionosphere with an 
angle of incidence ¢ (Fig. 12-7), it has 
been found that the maximum frequency 
that is reflected is given by the formula 

Imac = fo sec 
where f, = critical frequency for vertical 
incidence. 

This maximum frequency which can 
be used is called the maximum usable 
frequency. 

Measurements of critical frequency are 
taken at many places throughout the 
world and the values are published in 
peacetime. This information, together 
with additional infoxmation on layer 
density, time of day, month of year and 
year of solar cycle makes it possible to 
plot graphs which give the maximum 
usable frequency which can be used to 
transmit to any distance. Such curves 
are usually provided for some months 
in advance. Fig. 12-9 shows one form 
of such a graph. This graph gives the 
maximum usable frequency during a 
period of minimum sunspot activity. 
Several curves are given for different 
distances between transmitter and re- 
ceiver. 

12.10 Fading. Fading is the name 
given to variations in the intensity of a 
received signal and causes variation in 
the a-f output of a receiver. 


Maximum usable frequency (Mc/s) 
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Fiq.12-9 Form of graph which shows maxi- 
mum usable frequencies. 


The cause of fading can be understood 
vy a consideration of Fig. 12-10. Signals 
transmitted at 7 are reflected from the 
E and F layers as shown. The received 
signal at PR; is made up of a component 
from the ground wave and a component 
from the reflected wave. In general, the 
two components travel different distances 
from transmitter to receiver. If these 
signals are in phase they add to produce 
a loud signal; if they are out of phase 
they subtract to produce a weak signal. 
The in-phase or out-of-phase condition 
depends upon the difference in distance 
travelled by the ground and reflected 
waves. The distance travelled by the 
reflected wave in turn depends upon the 
height of the F layer. Small changes in 
this height produce small changes in the 
length of the path travelled by the re- 
flected wave. These variations in path 
difference are sufficient to change from 
the in-phase to the out-of-phase condi- 
tion and produce corresponding changes 
in signal strength. 

Fading can also occur as a result of 
interference between two sky waves as 
shown at Aa. The change in either or 
both of the layers can produce fading 
at this receiving station. 
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In addition to the fading described 
above, some of the sideband frequency 
components of a modulated signal may 
fade more than others and cause distor- 
tion of the audio output of the receiver. 
This is known as selectove fading. 

Still another type of fading is some- 
times produced by sudden variations in 
ion density of the ionosphere. The most 
sudden fading is of this type and it is 
called radio fadeout. Increase in ion 
density due to radiation from the sun 
causes a corresponding increase in ab- 
sorption of the sky wave. The fadeout 
usually occurs for all frequencies above 
1500 Ke/s and may last from several 
minutes to hours. 

Thus fading in a received signal may 
take place slowly or very suddenly. 
However, the variations in signal strength 
caused by the regular variations in the 
ionosphere discussed previously are not 
usually considered fading. 


12.11 Propagation characteristics in 
the various frequency bands. The com- 
munications frequencies and higher radio 
frequencies are classified in the table at 
the top of page 12:9. The propagation 
characteristics within these bands vary 
considerably and each is discussed in 
some detail. 


A. Low Frequencies 
(Below 300 Kc/s) 
Transmissions in the very-low-fre- 
quency range below 30 Ke/s are propa- 
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Classification of Frequencies 


GENERAL 


ABB 
DESIGNATION Pi 


FREQUENCY 
RANGE 


WaAvE 


WAVELENGTH 
DESIGNATION 


Very low frequencies | v-I-f 


Low frequencies l-f 
Medium frequencies 


m-f 
h-f 
v-h-f 
u-h-f 


High frequencies 
Very high frequencies 
Ultra high frequencies 


gated to great distances with the H layer 
acting as an almost perfect reflector. 
Radio waves at these frequencies are 
reflected back and forth between this 
layer and the ground and often encircle 
the earth. Attenuation is relatively low 
at all times of day and throughout the 
year. As the frequency increases the 
penetration into the layer increases and 
of course the. attenuation increases. 


B. Medium Frequencies 
(300-3000 Ke/s) 

As the frequency of the transmission 
is increased from 300 Ke/s there comes 
a band of frequencies ranging from ap- 
proximately 800 Ke/s to 2000 Ke/s for 
which absorption by. the ionosphere is 
greatest. Maximum absorption occurs 
at a frequency of about 1400 Ke/s. In 
this band propagation takes place over 
distances of only a few hundred miles. 
Attenuation is lower at night and this 
extends the range but fading is pro- 
nounced due to interaction between 
ground and reflected waves. In addition 
attenuation is less in winter making 
increased ranges possible during this 
season. 

C. High Frequencies 
(3000 Ke/s-30 Mc/s) 

As the frequency used for transmission 
enters the high-frequency band propaga- 
tion over any considerable distance de- 
pends entirely upon reflection from the 
F layer. The waves at these frequencies 


Below 30 Ke/s 
30-300 Ke/s 
300-3000 Ke/s 
3-30 Mc/s 
30-300 Mc/s 
Above300Me/s 


Above 10,000m 
10,000-1000m 
1000-100m 
100-10m 

10-1m 

1m-10cem 
10cem-lem 
lem-lmm 


Very long waves 
Long waves 
Medium waves 
Short waves 
Metre waves 
Decimetre waves 
Centimetre waves 
Millimetre waves 


escape through the F layer with some 
attenuation but with little reflection. The 
attenuation of the # layer decreases as 
the frequency increases above 1400 Ke/s. 
On reaching the / layer the skywaves 
are reflected provided the angle of inci- 
dence is not too small. Since the density 
of ionization of the F layer is different 
during the day from that during the 
night, it is important to consider the 
requirements of daytime propagation and 
night-time propagation separately. 


1. Day AND Nicur FREQUENCIES. 


The lower frequencies of this band, 
from 3 Mc/s to 10 Me/s approximately, 
are more readily refiected and penetrate 
the layer less. 

The higher frequencies of this band, 
from 11 Mc/s to 36 Mc/s, penetrate the 
layer to a much greater depth before 
reflection takes place. ‘The reflection 
of waves at these frequencies is less 
pronounced. 

In general, since the density of the 
ionosphere is greater during the day 
than during the night, the frequencies 
from 11 Mc/s to 30 Mc/s are usually 
useful only during the day when the 
density is a maximum. These frequen- 
cies are known as the day frequencies. 
Since the frequencies from 3 Mc/s to 
10 Mc/s are more readily reflected they 
are used mainly during night transmis- 
sion and as a result are called naght 
frequencies. 
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2. DAYTIME PROPAGATION. 

During the daytime the # layer has a 
relatively high ion density and the layer 
boundaries are fairly well defined. If 
transmissions at the lower night fre- 
quencies are radiated the radio waves 
penetrate the H# layer and are reflected 
by the F, or F; layers. However, owing 
to the high ion density of the E layer, 
attenuation is appreciable and trans- 
mission is only practicable over a range 
of a few hundred miles. 

Transmissions at the higher day fre- 
quencies also penetrate the H layer but 
the attenuation is not as severe. They 
are reflected from the F; layer only after 
deep penetration. Since the density of 
this layer is considerably less than that 
of the # layer the resulting attenuation 
is still not appreciable. As a result com- 
munication over great distances is pos- 
sible using day frequencies. 

3. Nicut-TIME PROPAGATION. 

At night the density of the # layer is 
not nearly as great. The F,; and F;, 
layers recombine to form the F layer 
which also has a very much reduced 
density. If the day frequencies are used 
the sky waves penetrate both the E and 
F layers and are completely lost. How- 
ever, the density of the F layer is still 
sufficiently great to produce reflection of 
waves transmitted at the night frequen- 
cies. Attenuation of these waves is 
extremely small and world-wide com- 
munication is possible. 

4. Day aND Nicutr FREQUENCIES FOR 
24-Hour CoMMUNICATION. 

Since the effective heights of the EZ 
and F layers are different for day and 
night, a ship which is within the first 
skip by day may be in a zone of silence 
by night even if the wave is reflected 
by the F layer (Fig. 12-11). This results 
from the fact that for a sky wave of 
given frequency there is a longer skip dis- 
tance by night, T’R:, than by day, TR. 
Thus to maintain 24-hour communica- 
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Fia.12-11 Variation in skip distance with 
frequency. 


tion between a ship and a shore station 
it is necessary to use two frequencies, 
the higher one during the day. For 
example, two related frequencies might 
be 10 Mc/s and 12 Mc/s. The increase 
in skip distance resulting from an in- 
crease in the height of the F layer at 
night is compensated for by use of the 
lower frequency. In practice, it is often 
necessary to use more than two frequen- 
cies to maintain 24-hour service between 
two places. 


D. Very High Frequencies 
(Above 30 Mc/s) 


For the very high frequencies the sky 
wave is no longer reflected back to the 
earth except on rare occasions. In 
general transmissions of very high fre- 
quencies behave more like light waves 
than like any of the lower frequencies. 
Thus at the very high frequencies com- 
munication depends upon straight line 
or line-of-sight propagation from the 
transmitter to the receiver. 

However, with the transmitting and 
receiving aerials located over level ground 
on a perfectly level plane or on ships at 
sea, as Shown in Fig. 12-12, there is also 
a reflected path TAR as well as the 
line-of-sight path. The wave reflected 
by the sea or earth combines with the 
direct wave at the receiver. These waves 
reinforce if they arrive in phase and tend 
to cancel each other if they arrive out of 
phase. Since the wave reflected from 
the sea results from re-radiation caused 
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Fic.12-12 V-h-f propagation paths between 
transmitter and receiver located on level ground. 


by currents induced in it by the incident 
wave, there is a phase reversal at the 
point of reflection. That is, the re- 
flected wave is 180° out of phase with 
the direct wave. Since the lengths of 
the paths of the line-of-sight ray and the 
reflected ray are almost equal, the rays 
arrive at the receiver almost 180° out 
of phase and as a result there is a great 
reduction in signal. 

If the path travelled by the reflected 
wave is made one half wavelength longer 
than that of the direct ray, the two arrive 
in phase at the receiver. If the trans- 
mitter and receiver are elevated a con- 
siderable distance the difference in the 
line-of-sight and reflected paths increases. 
Thus, the two waves arrive at the re- 
ceiver more nearly in phase with a 
resulting increase in signal strength. If 
the elevation is made sufficiently great 
so that the paths differ by any odd 
number of half wavelengths the two 
waves arrive in phase producing a further 
increase in field strength. 

Cancellation or reinforcement of the 
signal at the receiver depends upon the 
height of the aerials and their distance 
apart. If they are located on land the 
sites should be selected so that the path 
difference is an odd number of half 
wavelengths. 

The conditions encountered in very- 
high-frequency propagation over land are 
generally more complicated than those 
illustrated in Fig. 12-12 as a result of 
uneven ground between transmitter and 
receiver. The line-of-sight wave com- 
bines with many reflected waves as 
shown in Fig. 12-13. Due to these re- 
flections the signal may be considerably 
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reinforced or almost completely cancelled. 

As the distance between transmitter 
and receiver increases the effect of re- 
flected waves becomes less marked. The 
transmitted wave (Fig. 12-14) is propa- 
gated in space between 7’ and A pro- 
vided T is well elevated. This portion 
of the path is relatively free of ground 
losses. Between points A and B the 
wave is bent around the earth’s surface 
and is subject to ground (or sea) losses. 
From B to & the wave is again propa- 
gated tangentially to the earth and losses 
are small. The signal reaches R which 
is beyond the line-of-sight range as a 
result of diffraction and refraction. Dif- 
fraction is the phenomenon by which 
sound waves, light waves or radio waves 
bend around obstacles in their path. 
The amount of this bending depends 
upon the size of the obstacle compared 
to the wavelength of the wave. If the 
obstacle is small compared with the 
wavelength, diffraction is pronounced. 
Thus light waves are diffracted very 
little since all obstacles are large com- 
pared with the wavelength of light. How- 
ever, many obstacles are small compared 
with the wavelength of radio waves and 
bending may occur. At low radio fre- 
quencies diffraction is appreciable. At 
very high frequencies the bending is less 
but it is still sufficient to enable signals 
to be received at distances of several 
miles beyond the line of sight. 
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Fra.12-14 V-h-f propagation beyond the line- 
of-sight path. 
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Part of the bending of a wave which 
permits reception at the lower range of 
very high frequencies some distance be- 
yond the optical range is caused by 
refraction of the wave. Refraction occurs 
as a result of changes in the density of 
air with height and changes in tempera- 
ture, pressure and amount of water 
vapour. This refraction in the lower atmos- 
phere is somewhat similar to the bend- 
ing due to the ionosphere in the upper 
atmosphere. 

As the atmospheric effects which cause 
refractions are difficult to predict the 
effects of refraction are equally unpre- 
dictable. In general, summer is the best 
season for increased ranges due to re- 
fraction. 

In the microwave region, since the 
wavelength is very short, diffraction and 
refraction are negligible. Asa result only 
the direct ray can be received and com- 
munication is not possible beyond the 
optical range. At these frequencies 
directive aerials are usually employed to 
concentrate the transmitted energy into 
a very narrow beam in order to produce 
an increase in signal strength at the 
receiver. 

12.12 Scattered signals. It has been 
seen that a zone of silence occurs be- 
tween the farthest point reached by the 
ground wave and the point where the 
sky wave is first returned to the earth. 
However, some signals do reach a receiver 
located in this zone. These signals are 
scattered signals which are re-radiated 


12.14 Questions and problems. 


1. Explain briefly how radiation takes 
place from an aerial. 

2. What determines the polarization of 
a wave? 

3. Define 
(a) ground wave 
(b) sky wave. 
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from centres of disturbances in the layers 
of the ionosphere. The strength of such 
signals is most uncertain; they may occur 
at one time but not at another. Fig. 
12-15 shows two such scatter sources. 
In general, there are long-distance scatter 
centres such as S; and near scatter 
centres such as So, both occurring in the 
E layer. A receiver located at R; receives 
ground-wave signals and scattered sig- 
nals. However, since the ground wave is 
strong and the scattered signals are very 
weak the former drowns the latter and 
the effect of the scattered signals is 
seldom noticed. At Re: in the zone of 
silence the reception is normally negligible 
and any transmission received in this 
region is the result of scattered signals. 
Scattered signals begin to appear at 
frequencies of 2500 Ke/s and _ little 
scattering is noticeable at frequencies 
above 10 Mc/s. 

12.13 Summary of radio wave propa- 
gation characteristics. The table on page 
12:13 provides a summary of radio 
wave propagation for each band of 
frequencies. 


4. State and explain the kind of polar- 
ization used for a ground wave. 


5. What effect does the variation in soil 
conductivity have on the ground 
wave? 


6. What effect does frequency have on 
the ground wave? 
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GROUND WAVE 


Below 30 Ke/s 


The ionosphere acts as an almost 
perfect reflector and radio waves en- 
circle the earth. 


30—300 Ke/s 


Attenuation increases but is still rela- 
tively low. Sky waves make com- 
munication possible at distances of 
from 500 to 8000 miles. 


Ground wave trav- 
els distances of 
1000 miles or more. 


300—3000 Ke/s 


Attenuation increases to a maximum 
at about 1400 Ke/s. Little sky-wave 
communication takes place during 
the day but reception is possible at 
night at distances from 100 to 3000 
miles. 


Ground wave is re- 
liable to 50mileson 
higher frequencies 
and 200 miles on 
lower frequencies. 


3000 Ke/s—30 Mc/s 


Reflection from F layer with little 
attenuation makes long-distance 
communication possible with dif- 
ferent frequencies for day and night 
operation. Reception is possible over 
distances as great as 10,000 miles. 


Ground waves are 
rapidly attenuated. 
Communication is 
possible at dis- 
tances of the order 
of 15 to 25 miles. 


Above 30 Mc/s 


There is no reliable sky-wave reflection, no ground-wave 
propagation; only line-of-sight communication possible 
making use of direct ray. 


. What causes the ionization of the 


earth’s atmosphere? 


. Why is there a low density of ioniza- 


tion in the atmosphere below 30 
miles and above 250 miles from the 
earth’s surface? 


“2 


What factors determine whether or 
not a radio wave will penetrate the 
ionosphere? 


. What effect does ion density have on 


the energy in a radio wave? 


14. Explain the effect of the angle of 
9. What ionized layers exist incidence on reflection. 
. aie ee ie 15. Draw a diagram to illustrate 
oe cere nese he (a) skip distance 
10. (a) Upon what factors does reflec- (b) zone of silence 
tion of the sky wave depend? (c) zone of reception 
(b) Explain the dependence in each (d) angle of elevation 
case. (e) angle of depression. 
11. Explain the causes of the variations 16. Define 


in the layers of the ionosphere from 
(a) day to day 

(b) month to month 

(ec) year to year. 


(a) critical frequency 

(b) virtual height 

(c) maximum usable frequency 
(d) critical angle. 
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17. Explain the cause and effect of the 20. Classify the radio frequencies into 

phenomenon of fading. their respective bands and explain 
briefly the propagation characteris- 
tics in each. 


21. (a) What are scattered signals? 
(b) Explain what causes these sig- 


18. Explain the meaning and cause of 
(a) selective fading 
(b) radio fade-out. 


19. (a) What are day and night fre- nals. 
quencies? 22. Explain what is meant by 
(b) Explain why they are madeneces- (a) diffraction 


sary. (b) refraction of radio waves. 


CHAPTER XIII 


FREQUENCY, PHASE, PULSE MODULATION 


13.1 Introduction. In Chapter VI, one 
system of modulation called amplitude 
modulation (a-m) is discussed. With 
this type of modulation the amplitude 
of the r-f carrier wave is varied in accord- 
ance with the audio signal which repre- 
sents the intelligence to be transmitted. 
At the a-m receiver the r-f carrier wave is 
demodulated so that the earphones or 
speaker reproduces the audio signal 
originally produced at the transmitting 
end of the communication system. One 


lies in the fact that both natural and 


man-made electrical disturbances (called 
static) are received by the receiver at the 


same time as the r-f carrier wave. These 
electrical disturbances are r-f waves hav- 
ing frequencies which are similar to 
those of the transmitter signals and hav- 
ing amplitudes which vary greatly. Thus 
the demodulation process results in both 
the audio signal and noise being heard 
in the phones or speaker. To eliminate 
_this interference, a system of modulation 
_is necessary in which some characteristic 
of the_r-f carrier wave other than its 
amplitude is varied in accordance with 
the audio signal. 
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An r-f carrier wave has two other 
characteristics besidesamplitude, namely, 
frequency and phase. The system of 
modulation in which the frequency of 
the r-f carrier wave is varied in accord- 
ance with the audio signal is called 
frequency modulation (f-m). Any ampli- 
tude variations caused by static can be 
removed before demodulation without 
_affecting the desired modulation. In this 
way frequency modulation overcomes 
the defect which is inherent in amplitude 
_modulation. 


The transmitters and receivers required 
to produce and detect an f-m radio wave 
are not completely different from those 
required for an a-m radio wave. The 
differences, which lie in the modulation 
stages of the transmitter and the detec- 
tion stages of the receiver, are discussed 
in later sections. In the next section a 
simple f-m transmitter is considéred in 
order to present a clear picture of the 
character of an f-m wave. 

13.2 A simple f-m transmitter. The 
frequency of an oscillatory circuit de- 
pends on the values of its inductance and 
its capacitance. Hence the frequency of 
such a circuit may be varied by arranging 
that this inductance or capacitance be 
varied. A simple method of allowing _ 
voice frequencies to vary the oscillator 
capacitance is illustrated in Fig. 13-1. 
The circuit is a simple parallel-feed 
Hartley oscillator with a capacitor micro- 
phone M connected in parallel with its 
tuning capacitor C;. This type of micro- 
phone is electrically a variable capacitor. 

_The diaphragm D, Fig. 13-2 (a), is one 
plate of the capacitor and is made to 
vibrate at an audio rate by allowing 
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Fia.13-2 Frequency modulation by means of a 
capacitor microphone. 


sound waves to strike it. The other plate 
E of the capacitor remains stationary. 
Since the capacitance depends, in part, 
on the spacing between D and E, the 
vibration of D_varies the capacitance 
and hence the frequency of the oscillator. 
A more detailed understanding of the 
operation of the circuit is provided by the 
diagrams of Fig. 13-2 (b) and (c). 
When no sound waves strike the micro- 
phone, its capacitance remains constant. 
The frequency of the oscillator remains 
fixed at a value fo determined by the 
inductance of L; and effective capaci- 
tance of M and C; in parallel. As long 
as this condition exists, the r-f carrier is 
unmodulated as shown in the region ab 
in_ Fig. 13-2 (b) and (c). When a rare- 
faction enters the microphone, the dia- 
phragm D is forced to move outward, 
away from EH. The capacitance of M 
decreases and so the frequency of the 
oscillator rises above the frequency fo. 
This is shown in the region be of the 
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figure. When a compression enters the 
microphone, the diaphragm is forced 
toward E and the capacitance of M in- 
creases. This causes the frequency of the 
oscillator to fall below f, as shown. in the 
region cd of both graphs. Hence each 
time the diaphragm moves from _ its 
initial position, out to B, in to C and 
back to its initial position, the resonant 
frequency of the oscillator undergoes one 
cycle of change bcd. In other words, the 
oscillator frequency is given one cycle of 
variation for each complete cycle of the 
sound wave. If the sound wave has a 
frequency of 1000 c/s then the oscillator 
frequency undergoes 1000 cycles of 
change each second. The amount by 
which the frequency changes from its 
value fo, which exists when there is no 
modulation, is indicated by the amplitude 
OP in Fig. 13-2 (c) and_is called the 
frequency deviation (fa). The frequency 
of the f-m transmitter without any modu- 
lating input is referred to as the resting, 
centre, mean, or carrier frequency. 

The amount of deviation produced 
by this system of modulation, or by any 
present system of modulation is in- 
sufficient for proper detection by an f-m 
receiver. The amount of deviation must be 
increased by using one or more frequency 
multiplier stages (Fig.13-1) between the 
oscillator and the power amplifier. An 
example will serve to illustrate this point. 
Suppose the output of the oscillator varies 
in frequency from 5.99 Mc/s to 6.01 
Mc/s. The deviation is then .01 Mc/s. 
If the frequency multiplier is a tripler, 
its output varies from 17.97 Mc/s to 
18.03 Mc/s about an unmodulated fre- 
quency of 18.00 Mc/s. The deviation 
has therefore been tripled from .01 Mc/s 
to .03 Mc/s. At present, the f-m broad- 
cast band extends from 88 Mc/s to 108 
Mc/s. Each channel in the band extends 
over 200 Ke/s and the maximum devia- 
tion for modulation is 75 Ke/s above and 
below the unmodulated frequency. 
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Fie.13-3 Block diagram of f-m receiver. 


13.3 The f-m receiver. It is possible 
to use a regenerative, t-r-f or super- 
heterodyne type of receiver for f-m re- 


ception. However, the superheterodyne 


type is used almost exclusively because 


of the high gain required to amplify the 


circuits. 
receiver is shown in Fig. 13-3.  It_is 
similar to the block diagram of an a-m 
receiver with two exceptions. The second 
i-f amplifier is replaced by a ldmiter in 
the f-m receiver. This stage provides an 
output signal of constant amplitude to 
the following stage. The second detector 
is called a discriminator in the f-m re- 
ceiver. The output of the discriminator 
is the a-f signal. 
circuits may be identical for f-m and a-m 
reception. 

While the r-f, l.o. and i-f stages of the 
f-m receiver are similar to those in an 
a-m receiver, they differ somewhat in 
circuit design and construction because 
of the higher frequencies of the signals 
which are amplified. The r-f tuned cir- 
cuits are physically smaller and both the 
r-f and i-f circuits are more broadly 
tuned to provide a bandwidth of about 
150 Ke/s. 

The limiter and discriminator circuits 
are described in the following sections. 

13.4 The limiter. Although the trans- 
mitter signal leaves the transmitter with 
constant amplitude, the received signal 
may vary considerably in amplitude due 
to electrical interference and fading. The 


Consequently the a-f. 


undesirable fluctuations in signal strength 
are amplified by the r-f and i-f stages 
along with the signal, Fig. 13-4 (a). The 
desired signal of varying frequency and 
constant amplitude is shown in Fig. 
13-4 (b). The purpose of the limiter is 
to convert the signals of varying ampli- 
tude to signals of constant amplitude at 
the input to the discriminator. : 

A common type of limiter circuit is 
shown in Fig. 13-5. The valve is an r-f 
pentode operated with an anode poten- 
tial much lower than the normal value. 
The cathode is connected to ground and 
the only bias is that provided by the 
grid-leak capacitor Cy and resistor Rj, 
R, and C3 are the screen voltage drop- 
ping resistor and by-pass capacitor. The 


(a) 


(0) 


Fia.13-4 Voltage waveforms of i-f signal (a) 
with static present (b) without static. 
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Fiag.13-5 Limiter circuit. 


i-f signal is transformer coupled to the 
tuned input circuit L,C;. The output 
signal is developed across the primary 
circuit LeC, of the tuned transformer T2 
and transformer coupled to the follow- 
ing stage. 

The circuit operates on the principle 
of anode current saturation. Since the 
anode voltage is low, only a small posi- 
tive grid potential is required to cause 
saturation of the anode current, Any 
further increase in grid potential is in- 
effective in changing the anode current. 
When the signal drives the grid negative, 
the anode current decreases until cut-off 
is reached. At this point any further 
increase in negative grid potential is in- 
effective in changing the anode current. 
As a result, the anode current is limited 
between cut-off and saturation values 
and the output voltage is correspond- 
ingly limited in amplitude (Fig. 13-6). 

The time constant of RC, determines 
the characteristics of the limiter with 
respect to slow and rapid variations in 
amplitude. A short time constant is 
most effective in limiting noise pulses as 
they are usually rapid variations. A 
long time constant is desirable for smooth- 
ing out more gradual fluctuations in 
amplitude. As a result, a compromise 
time constant of about 10 microseconds 
is selected for RiC 4 in most limiters. 

The limiter is most effective if pre- 
ceded by several stages of amplification 
to ensure that the signal amplitude is 
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large enough to cause the limiting action. 


The limiting effect can be improved by 
the use of two limiters in series. A con- 
stant output over a wide range of input 
signal amplitudes is obtained from the 
second limiter because the voltage at the 
input to this stage is already partially 
limited. In addition, a grid circuit with 
short time constant may be used in one 
stage to limit rapid fluctuations and a 
circuit with long time constant in the 
other circuit to limit the effect of slow 
variations in signal amplitude. 


13.5 The discriminator. The dis- 


_criminator_ in an f-m receiver performs 


the same function as the second detector 
in an a-m receiver. The discriminator 


converts the frequency-modulated i-f 


signal to an amplitude-modulated signal. 
This latter signal is then detected to 
provide an a-f output like that from an 
a-m detector. After amplification, the 
a-f signal is made to operate the phones 
or speaker which reproduces the sound 
waves falling upon the microphone at the 
transmitting station. 


A. A Simple Discriminator Circuit 

Fig. 13-7 (a): shows a simplified dis- 
criminator circuit. The tuned circuit 1 
is broadly tuned to the i-f carrier fre- 
quency fo while the tuned circuit 2 is 
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Fia.13-7 Simple discriminator (a) Circuit dia- 
gram (b) Response curve of secondary circuit. 


sharply tuned to a slightly lower fre- 
quency f;. The response curve of the 
circuit 2 is shown in Fig. 13-7 (b) and the 
waveforms of input and output voltages 
are shown in Fig. 13-8. As the frequency. 
of the i-f input voltage decreases below 
the mean frequency fo, the secondary 
circuit 2 becomes more closely tuned to 
resonance. Hence the response of circuit 
2 increases and the amplitude of the i-f 
voltage developed across circuit 2 in- 
creases. When the frequency of the i-f 
input rises above fo, circuit 2. is tuned 
farther from resonance. Hence in this 
case the response of circuit 2 falls off and 
the amplitude of the i-f voltage de- 
veloped across circuit 2 decreases. Thus 
as the frequency of the i-f voltage varies 
from f; to fp the response of the circuit 
and hence the output i-f voltage ampli-_ 
tude varies in a corresponding way_as 
_shown. One cycle of change in the 
frequency of the i-f input voltage pro- 
duces one cycle of change in the ampli- 
tude of the i-f output voltage. In other 
words the frequency of the amplitude 
variations in the i-f output is equal to 
the rate of frequency variation in the i-f 
input voltage, which is also equal to the 


frequency of the modulating a-f at the_ 


ais 


Input voltage 
to circuit 1 


Output voltage 
of circuit 2 


(0) 


Frc.13-8 Voltage waveforms of simple discrim- 
inator (a) Frequency-modulated i-f input (b) 
Amplitude-modulated i-f output. 
transmitter. The greater the frequency 
deviation (f.—fo) the greater the change 
in response and hence in the variation 
in amplitude of the output voltage. 

In order to prevent distortion from 
being introduced by the discriminator, 
the i-f signal in circuit 1 must remain 
constant in amplitude. This requires 
that the circuit present the same load 
impedance to the valve over the range of 
frequencies from f; to fe. Circuit 1 must 
therefore be very broadly tuned to pro- 
vide a flat response over a range of 75 
Ke/s on each side of fo. 


B. A Simplified Detuned-Circuit 
Discriminator 


A practical discriminator circuit which 
performs the complete demodulation pro- 
cess of the i-f signal is shown in Fig, 13-9. 
It consists of an i-f transformer 7, with 
a centre-tapped secondary winding: The 
two halves of the secondary are L; and 
L, tuned by C; and C2. Each secondary 
circuit is connected in series with a diode 
detector and resistor-capacitor load. The _ 
loads R, and RR, are in series with each. 
other and the output voltage is the total 
p.d. developed across these two equal 
resistors. 
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Frq.13-9 Detuned-circuit discriminator. 


(a) I-f signal voltage in primary of T, 


(b) P.d. across L, C, 


(c) P.d. across L, Cz 


gS 


The i-f signal from the limiter is ap- 
plied to the primary winding of 7’; which 
is broadly tuned to the frequency fo at 
the centre of the i-f bandpass. The 
frequency fo is the mean i-f correspond- 
ing to the mean r-f of the signal received 
at the aerial. The secondary circuit 
LC; is tuned to a frequency fi, which is » 
below fo by an amount equal to the 
maximum deviation of 75 Ke/s. L2C2 is 


fi fo fa fo fi fo 


(d) Current through Ry with C removed MARANA Anna 


(e) Current through R»z with C4 removed 


Current through R, and Rz 
(f) with Cz and C4 removea 


(g) A-f output p.d. across R; and R» 


Fia.13-10 Voltage and current waveforms in a detuned-circuit discriminator. 
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tuned to a frequency f2 which lies above 
fo by the same amount. 

The operation of the circuit is explained 
with the aid of the waveforms of voltage 
and current shown in Fig. 13-10. The 
i-f signal voltage in the primary of 7; 
is shown in (a).. It is a voltage of con- 
stant amplitude. The frequency remains 
constant at fo in the absence of modula- 
tion during the period indicated in the 
graph. When modulation at a single 
frequency is present the frequency de- 
creases to a minimum at frequency fi, 
returns to fo, increases to a maximum at 
fz and returns to fy. This completes one 
cycle of frequency variation. A second 
complete cycle is also shown. 

When the input voltage is at frequency 
fo, equal voltages are induced in 1,4C, 
and L2C; as shown in graphs (b) and (c). 
The two diodes V; and V2 are made to 
conduct alternately as shown in (d) and 
_(e) and the same amount of current flows 
through each valve. The current through 
R, develops a p.d. across R; such that 
the top end of R, is positive to. the 
bottom end. The p.d. across Re due to 
current through V»2 is such that the 
bottom end is positive to the top end. 
The capacitors C3 and C, maintain the 

_p.d.’s across these resistors substantially 
constant from one cycle to the next. 
Since the p.d.’s are equal and of opposite 
polarity, the net output voltage is zero 
as long as the input signal is at the 
frequency fo. 

When the frequency of the i-f signal 
falls from fo to f; the tuned secondary 
L,C,; is operated closer to its resonant 
frequency. The amplitude of the oscilla- 
tions in this circuit increases as shown 
in (b). At the same time L2C; is operated 
farther from its resonant frequency and 
the amplitude of its oscillations decreases 
as shown in (c). V, therefore conducts 
more heavily, graph (d), and V2 less 
heavily, graph (e). The p.d. developed 
across R, is therefore greater than the 


circurts for given primary voltage 


Voltage developed across secondary 


5.96 6.00 6.04 Frequency 
(Mc/s) 
= Sinusoidal variations 
x 


in frequency of signal 


Fia.13-11 Response curves of secondary tuned 
circuits of discriminator. 


p.d. across A, and the resultant output is 
positive. When the signal fr equency 


rises again from f; to fy the conditions in 
the two valve circuits return to those 
existing at the beginning of the graphs 
and the output voltage becomes zero 
again. When the signal frequency rises 
from fo to fe the upper circuit L,€; is 
operated farther from its resonant fre- 
quency and the voltage applied to V, 
decreases in amplitude as shown in (b). 
At the same time, LC. is operated closer 
to its resonant frequency and the voltage 
applied to V2 increases as shown in (c). 
As a result, V; conducts less heavily and 
V2 more heavily than when the input 
frequency is fo. The p.d. across Rez is 
greater than the p.d. across R; and the 
resulting output is negative as indicated 
by graph (g). When the frequency of the 
i-f signal returns again to fp the valves 
conduct equally and the output voltage 
returns to zero. This completes one 
cycle of frequency variation of the signal 
and one cycle of the a-f output. 

The operation for one particular case 
is illustrated by the response curves of © 
Fig. 13-11. The curves show the varia- 
tion in voltage developed across the 
tuned secondary circuits when an .i-f 
signal of constant amplitude and varying 
frequency is applied to the primary 
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Fia.13-12 Operating condition of discriminator 
for no distortion. 


circuit of T;. The input voltage is shown 
as varying sinusoidally in frequency be- 
tween the limits 5.96 Mc/s and 6.04 
Mc/s about a frequency of 6 Mc/s. 
When the signal frequency is exactly 6 
Mc/s the amplitudes of the voltages in 
the two secondaries are equal as shown 
by AB in the diagram. When the signal 
frequency increases from 6 Mc/s to 
6.04 Mc/s the amplitude of the voltage 
in circuit | falls almost to zero while that 
in circuit 2 rises to A2Bs. When the 
signal frequency decreases to 5.96 Mc/s 
the amplitude of the voltage in circuit 1 
rises to A,B, while that in circuit 2 falls 
to a negligible value. 

The operation is also summarized by 
the diagram of Fig. 13-12, which shows 
the response curves again for the secon- 
dary tuned circuits of Fig. 13-9. In this 
diagram, however, the response curve of 
the L2C, tuned circuit is inverted com- 
pared to that of the L,C, tuned circuit 
since the voltage developed across C3 and 
R, is opposite in polarity to that across 
C,and R,. As the input frequency varies 
between 5.96 and 6.04 Mc/s, the response 
or the output voltage of the discrimina- 
tor also varies in a corresponding way 
as shown. 
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The disadvantage of this type of dis- 
criminator_ is that the two secondary _ 
circuits must be exactly balanced if dis- 
tortion is to be avoided. That is, the coils 
must be identical. and the diodes, _re- 
sistors and capacitors must be matched. 
If the curves in Fig. 13-12 were not 
symmetrical, a sinusoidal variation in 
frequency of the signal would not pro- 
duce a sinusoidal output voltage. The 
result would be the introduction of second 
harmonic distortion into the output. 

In order that the output amplitude be 
a linear function of the input frequency 
the following relationships which have 
been found experimentally should hold 
between the Q’s of the tuned circuits. 


fo 
Cee 8 fief) 
and Q; = 2Q, 
where Q, = Q of the primary circuit 
Q, = Q of either secondary circuit 
fo = carrier frequency in c/s 


fi—fo = frequency deviation in ¢/s. 
These relationships show that the primary 
circuit is much more broadly Joes than 
the secondary circuits. 


C. Coupled-Circuit Type of 
Discriminator 


A more common type of discriminator 
is shown in Fig. 13-13. It differs in con- 
struction from that of Fig. 13-9 in that a 
single capacitor C, is used to tune the 
secondary circuit to resonance and a 
capacitor C’; is used to couple the primary 
voltage to the centre tap of the secondary 
circuit. The voltage across L» is.applied 
to the diode V, in series with its load 
circuit RiC,4. The voltage across Ls is 
applied to V2 and its load circuit R2C;. 
The load circuits are connected in series. 
L4 is a radio-frequency choke coil to | 
complete the diode circuits and provide 
a high r-f impedance between the centre - 
tap of the secondary winding and ground. 


_ The input to the circuit is the i-f signal 


from the limiter V3. Both the primary 
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and secondary windings of the i-f trans- 
former are tuned to the centre of the i-f 
band. ; 
The voltage applied to the upper diode 
is the resultant of two components E;» 
and Eg3. Ez: is the voltage induced in 
the upper half of the secondary winding 
and Eez is the anode voltage of V3; 
applied to the centre tap of the secon- 
dary winding by C3. At resonance Ez,» 
leads Eo; by 90° as shown in Fig. 13- 
14 (a). The resultant voltage E is 


applied to V;. Similarly, the voltage Eo, 


which is applied to the lower diode is the 
resultant of two components H,; and 
Eg3. Ez; is 180 degrees out of phase with 
Ex». and’ therefore lags Ecos, by 90° as 
shown. H, and £, are equal in magnitude 
when the circuit is operated at the 
resonant frequency. That is, the anode 
of V,is driven the same amount positive 
to the cathode during its cycle as the 
lower anode is made positive during its 
cycle. Consequently both valves con- 


duct the same amount of current. The . 


fact that the anode voltages are out of 
phase with each other does not affect 
the amplitude of the current pulses 


through each valve. The p.d.’s developed. 


across R, and R, are steady due to the 


presence of C's and C;; they are equal and_ 
of opposite polarity. Hence the output 


When the frequency of the signal de- 
creases, the voltage Ez2. leads Ecs by. 


Fia.13-14 Vector representation of voltages in 
coupled-circuit discriminator (a) Signal frequency 
equal to the resonant frequency of the circuit 
(b) Signal frequeney below resonant frequency 
of the circuit (c) Signal frequency above resonant 
frequency of the circuit. 


less than 90° while #,; lags Ee3 by more 
than 90° as shown in Fig. 13-14 (b). 
The magnitude of F; is then greater than 
the magnitude of Hy. Consequently the 
anode of V, is driven more positive than 
the anode of V2 and the p.d. across R,; 
is greater than that across R:. The out- 
put voltage is therefore positive. : 

When the signal frequency increases - 
above the mean frequency, Eyz2 leads 
Eo3 by more than 90 degrees and E73 
lags Eos by less than 90 degrees, Fig. 
13-14 (c). He is therefore greater than 
FE, and V2 conducts more current than — 
V;. The p.d. across Rz exceeds the p.d- 
across R, and the output voltage is nega- 
tive. As the i-f signal undergoes one 
complete cycle of frequency variation, 
the discriminator produces one complete 
cycle of a-f output. The frequency of the 
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F1g.13-15 Response curve of f-m discriminator. 


output equals the modulating frequency 
while the amplitude depends upon the 
amount of frequency deviation in the 
input signal. The relationship between 
the frequency deviation of the i-f and the 
output voltage of such a discriminator is 
shown in Fig. 13-15. The maximum 
deviation for no distortion is usually 
about 75 Ke/s which is the deviation 
corresponding to 100% modulation in 
amplitude modulation. 

This type of discriminator circuit is 
superior to the detuned-circuit type of 
discriminator since the secondary coil 
need not be accurately centre-tapped. 
Any slight unbalance can be compensated 
for by slight detuning of the secondary 
tuned circuit. The alignment is also 
easier since there is only one secondary 
tuned circuit. 


D. Ratio Detector 


The discriminators described in the 
preceding paragraphs require that the 
amplitude of the input signal remain 
constant to avoid introducing distortion- 
If the amplitude of the signal increases, 
both diodes conduct more heavily. As 
long as the signal frequency is at the 
centre of the i-f band, the increased out 
put of V; is just counteracted by the in- 
creased output of V2. When the signal is 
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Fig.13-16 Ratio detector circuit. 


above or below the centre frequency, 
however, one valve conducts more heavily 
than the other giving rise to a positive or 
negative output voltage from the dis- 
criminator. Under these conditions, the 
amplitude of the output increases as the 
amplitude of the i-f signal rises. That is, 
amplitude modulation of the i-f signal 
causes amplitude modulation also of the. 
a-f signal. Noise pulses in the input pass 
through the discriminator and appear in 
the a-f stages. For this reason, a limiter 
stage must always precede this type of 
discriminator. 

The ratio detector shown in Fig. 13-16 
overcomes this difficulty and makes the 
limiter stage unnecessary. The circuit 
is similar to that of Fig. 13-13 except 
that there is a reversal of connections to 
V, and the output circuit is modified as 
shown. The valves conduct on the same 
half cycle of input voltage and in the 
same direction through the load circuit. 
Re, C7, Cy and Cs, causing the upper end 
of R; to be at a negative potential. The 
time constant of the large electrolytic 
capacitor C7 and resistor Rez is very large, 
of the order of one quarter second. 
Hence C charges to a steady voltage 
which does not vary at even the lowest 
frequency a-c components. This steady. 
negative voltage across C; and Rez which 
is proportional to the i-f carrier is used 
as an a.v.c. voltage. Also, if the ampli- 
tude of the if voltage applied to this 
detector circuit rises suddenly for a short 


FREQUENCY, PHASE, PULSE MODULATION 


Fig.13-17 Operation of ratio detector. 


period of time due to a burst of static 
type of interference the voltage across C; 
does not rise because of its large capaci- 
tance. Since this steady voltage is 
applied across C4 and C; in proportion 
to their capacitances then the voltages 
across C’, and C; are not changed either 
by the sudden change in amplitude of the 
i-f signal. Thus this ratio detector circuit 
does not respond to amplitude modula- 
tion caused by static. It can therefore 
be used without a preceding limiter 
circuit. 

The voltages across Cy and Cs are 
caused to vary at the a-f rate by the 
variation in the frequency of the i-f f-m 
signal. This is explained using the vector 
diagrams of Fig. 13-17. The voltage 
applied to the diode Vi and capacitor 
C, is the vector sum of Hz. and Kes. 
Ec; is the a-c component of the output 
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voltage of the preceding stage and is 
almost entirely developed across the 
r-f-c_L4. The voltage applied to V2 and 
Cs is the vector sum of Exrs and Es. 
When the i-f signal is at its resting fre- 
quency, Ez». and Hes are in quadrature 
phase as are E,3 and Eo3\as shown in 
Fig. 13-17 (a).. The voltages applied to 
the two diodes are therefore equal in 
magnitude. Both diodes conduct every 
second half cycle when the upper ends of 
Ly, and Ls are negative with respect to 
their lower ends; the current which flows 
charges C’, and C; with the same polarity 
and to the same value of voltage. When 
the i-f signal frequency rises above or 
falls below the resting frequency, first 
one or the other of the voltages applied 
to the diodes increases and decreases 
from its value at the resting frequency, 
as indicated in Fig. 13-17 (b) and (c). 
This occurs because of the change in the 
relative phases of Eyz2, Ez3 and Eos 
already explained in the previous sub- 
section. Therefore the voltages across 
age across one increasing when that 
across the other is decreasing and vice_ 
versa. Furthermore since the change in 
i-f frequency is according to the a-f 
modulation, the voltages across Cy and 
C; both vary according to the a-f modu- 
lation. However, at all times their sum, 
the voltage across C7, must be constant. 
Hence the a-f output must be taken from 
across C4 or Cs; but not from across C7. 
In the circuit given, the a-f output is 
coupled to the succeeding stage by Cs 


voltages across C; and C4 changes as the 
i-f_ frequency changes, giving rise to 
the name ratio detector. 

It is to be noted that while the voltage 
across C’; varies because of the change in 
i-f frequency, it does not vary if the 
amplitude of the i-f is suddenly changed. 
That is,the output of this circuit responds 
to frequency changes of the signal but 
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not to sudden amplitude changes of the 

signal. 

This circuit has two advantages then 
over the previously described discrimi- 
nators. 

(i) It possesses an inherent ability to 
reject amplitude modulation of the 
static type which f-m communica- 
tion seeks to avoid. No preceding 
limiter stage is then necessary. 

(ii) It develops an a.v.c. voltage. 

The ratio detector finds wide applica- 
tion in_television as well as in radio 
communications. 

13.6 Methods of obtaining frequency 
modulation. It is pointed out in sec- 
tion 13.1 that the f-m transmitter differs 
from the a-m transmitter chiefly in the 
modulation stages. Two methods of 
frequency modulating the carrier are in 
general use. One is known as the 
reactance-tube modulating system and the 
other as the phase-shift modulating system. 
In the reactance-tube system the r-f 
carrier is modulated at the oscillator by 
varying the effective inductance or capa- 
citance of the tuned circuit. In the 
phase-shift modulating system the r-f 
carrier is modulated in some stage fol- 
lowing the oscillator. This system 
operates on the principle that a frequency- 
modulated wave can be obtained from a 
phase-modulated wave with simple cir- 
cuit modifications. Methods of effecting 
frequency modulation are described in 
the following section and phase modula- 
tion is discussed later. 

13.7 Reactance-tube system of fre- 
quency modulation. The use of a capaci- 
tor microphone in the simple transmitter 
described in section 13.2 is not practic- 
able since it cannot produce sufficient 
deviation even with the use of frequency 
multipliers. A circuit which does pro- 
duce enough frequency deviation and 
employs the same principle of varying 
the reactance of an oscillator circuit in 
accordance with an audio modulation is 
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Fic.13-18 Reactance-tube modulator with in- 
ductive loading. 


the reactance-tube modulator. In this 


_case_an electronic circuit which behaves 


like a variable reactance is shunted 


across the oscillator tuned circuit. The 


reactance is made to vary by the a-f 
signal. This variation in reactance 
causes a similar variation in the fre- 
quency of the oscillatory circuit, thereby 
producing an f-m wave. 


A. Inductive Reactance-Tube Circuit 


One type of reactance-tube modulator 
is illustrated in Fig. 13-18. In this cir- 
cuit, V, is a modified Hartley r-f oscil-_ 
lator with L, and C, the main com- 
ponents of the tuned circuit. Connected 
across this tuned circuit is R; and C;. 
The resistance of R, is large compared 
to the reactance of C2 at the oscillator 
frequency so that the current in the 

RC, branch is very nearly in phase v with 
the tank voltage applied across it. The 
voltage across C. however lags the cur- 
rent by 90°. This voltage which is 
applied to the grid of V2, the reactance-- 
tube circuit, causes the anode current of 
V, to vary at the r-f rate. The a-c com- 
ponent of the anode current is blocked 
from H.T. by the r-f choke L; and forced 
to return to ground through the tank 
and RC, combination in parallel. Since 
the tank circuit impedance is very much 
less than that of R:, most of the a-c¢ 
component of anode current of V2 will 
flow in the tank circuit rather than R1. 
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Fia.13-19 Alternative type of reactance-tube 
modulator with inductive loading. 


This current is in phase with the grid 
voltage and hence the voltage across C2. 
and therefore lags the tank circuit cur- 
rent by 90°. Since an injected lagging 
current in a circuit is equivalent to an 
inductive reactance in parallel with the 
circuit, the anode circuit of V2 appears 
as an inductance across the tank circuit. 
The resonant frequency of the tank 


circuit then depends not only on the 


values of LZ, and C but also on the 
value of equivalent inductance across 
LC, due to the lagging anode current of 
V2 through L,C;. The amount of fre- 
quency variation of the tank circuit de- 
pends on the magnitude of the variation 


controlled by the grid bias of V2. The 
modulating a-f voltage is applied as bias 
to V2 in addition to its cathode bias. 
This a-f voltage varies the anode current 
which in turn causes the tank frequency 
to vary at an audio rate and frequency 
modulation results. 

In the circuit of Fig. 13-19, a similar 
inductive effect on the tank circuit is 
obtained by applying to the grid of the 
modulation valve the voltage across Re. 
in comparison with the inductive re- 
ctance of Le. The current in Lz and A, 
lags the applied voltage from the tank 
circuit. Hence the voltage across Rz is 
a lagging voltage applied to the grid of 
V2. The operation of the circuit is other- 
wise similar to that of Fig. 13-18. 


In this case, the resistance of Re is small 
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Fic.13-20 Reactance-tube modulator with ca- 
pacitive loading. 


B. Capacitive Reactance- Tube 
Circuit 

A capacitive reactance may be in- 
jected into the tank circuit instead of the 
inductive reactance previously described 
to produce frequency modulation of the 
r-f carrier. This requires a modulator 
anode current that leads the tank volt- 
age. One method of obtaining a voltage 
at the grid of V2 which leads the oscil- 
lator tank voltage by 90° is shown in 
Fig. 13-20. In this circuit R; and Le are 
connected in series across the tank circuit 
of the oscillator. The value of R, is 
large in comparison with the reactance 
of Le. Thus the current through L, and 
R, is practically in phase with the volt- 
age across the tank circuit. Then the 
voltage across L: which leads the current 
by 90° also leads the tank voltage by 
90°. The voltage across Le is applied 
to the grid of V2. Thus the anode cur- 
rent of V2 leads the tank voltage by 90° 
and hence the V; circuit acts as a capa- 
citive reactance across LC), the tuned 
circuit of the r-f oscillator. As the grid 
bias varies at an a-f rate the value of the 
V, anode current also varies so that the 
effective capacitance of the oscillator 
tank circuit and hence the oscillator fre- 
quency varies at the a-f rate. 

In the circuit of Fig. 13-21, C, and R, 
are in series across the oscillator tank 
circuit. The reactance of C2 is large com- 
pared to the resistance of R,. Thus the 
current through C; and R, leads the tank 
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Fra.13-21 Alternative type of reactance-tube 
modulator with capacitive loading. 


voltage by almost 90°. The voltage 
across R, also leads the tank voltage by 
90°. This voltage is the input to V2 
and causes the anode current of V2 to 
lead the tank voltage by 90°. Thus the 
V2 circuit acts as a capacitive reactance 
across the oscillator tank circuit as in 
the case of Fig. 13-20. 

The phase lag or lead of the voltage 
applied to the modulator valve should 
be as nearly equal to 90° as possible. If 
the phase difference is less than 90°, 
the reactive components injected into 
the tank circuit are reduced in magni- 
tude; hence the resultant frequency de- 
viation is less. 

The reactance-tube modulator is 
widely used in f-m transmitters. To 
provide the increased frequency devia- 
tion required in the final output such a 
modulator must be followed by several 
stages of frequency multipliers to in- 
crease the frequency to 8 or 10 times the 
oscillator frequency. 

One disadvantage of the reactance-tube 
modulator is that the carrier frequency 
of the oscillator tends to drift. To pre- 
vent this the use of frequency-stabiliza- 
tion circuits is required. 

13.8 Frequency-stabilization circuit. 
In an a-m transmitter, the frequency of 
the oscillator is kept constant by various 
means such as crystal control, power- 
supply regulation and temperature com- 
pensation. In an f-m transmitter, the 
frequency of the oscillator is varied by 
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Fia.13-22 Block diagram of frequency-stabili- 
zation circuit. 


the modulator so that direct crystal con- 
trol is impossible. The carrier frequency 
of the oscillator is still subject to change 
due to mechanical vibration, voltage and 
temperature variations, etc. The fre- 
quency-stabilization circuit is designed to 
counteract drifting of the carrier fre- 
quency. A block diagram of the circuit 
is shown in Fig. 13-22. 

The output of the reactance-tube modu- 
lator is amplified by the r-f amplifier and 
passed to the mixer stage. This stage 
also receives an input of constant fre- 
quency from the crystal oscillator. The 
crystal frequency is made to differ from 
the carrier frequency by a specified 
amount. The output of the mixer is a 
voltage of intermediate frequency equal 
to the difference between the two mixed 
frequencies. Usually the i-f is in the 
neighbourhood of 1500 Ke/s. This signal 
is passed to the discriminator which is 
tuned to the i-f. The d-c output voltage 
of the discriminator is used as bias on 
the reactance-tube modulator. When the 
carrier frequency of the oscillator differs 
from the crystal frequency by 1500 
Ke/s, the d-c output of the discriminator 
is zero and no correcting bias is applied 
to the modulator. If the carrier fre- 
quency drifts from its assigned value, — 
the i-f shifts from 1500 Ke/s. The d-c 
output of the discriminator is applied as 
bias to the reactance-tube modulator. 
The polarity of this voltage is such as to 
change the reactive current flowing in 
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Fia.13-23 Simple frequency stabilization circuit. 


the oscillator tank circuit so that the 
frequency drift is corrected. 

Fig. 13-23 shows a diagram of a simple 
frequency-stabilization circuit. V, and 
V2 are the oscillator and reactance-tube 
modulator stages respectively. Modula- 
tion is provided by capacitive loading of 
the oscillator as in Fig. 13-21. V3; is the 
r-f amplifier which provides f-m voltages 
to the power-amplifier stages and to the 
mixer valve V4. This valve also receives 
the constant-frequency input from the 
crystal oscillator. The i-f output of V4 
is applied to the discriminator circuit. 
The d-c output of the discriminator valve 
V; is applied as bias in series with the a-f 
modulating signal to the grid of the 
modulator V2. A particular example will 
illustrate the operation of the circuit. 

Suppose the crystal oscillator is ad- 
justed to operate 1500 Ke/s above the 
r-f carrier frequency. If the latter fre- 
quency tends to increase, the i-f de- 
creases. Since the discriminator is tuned 
to 1500 Ke/s, the upper diode of Vs is 
made to conduct more current than the 
lower diode. The output of the dis- 
criminator is a positive d-c voltage which 
is applied to the grid of V2. Consequently 


the bias on the modulator is reduced and 
the valve conducts more current. This 
increases the effective capacitance in 
parallel with the tank circuit of the 
oscillator causing its frequency to de- 
crease. Thus, any tendency for the 
oscillator frequency to drift is counter- 
acted by the frequency-stabilization 
circuit. 

While the above circuit illustrates the 
principle of operation of frequency stabi- 
lization, a more elaborate circuit is 
usually required for operation at high 
frequencies. The input to the mixer 
stage is generally taken from the output 
of the frequency multipliers or even from 
the final power amplifier and may there- 
fore be as high as 100 Mc/s. Since it is 
impossible to operate a crystal at such a 
high frequency, the crystal oscillator 
must be followed by several stages of 
frequency multipliers to bring the refer- 
ence frequency close to the f-m carrier 
frequency. The i-f is therefore kept to a 
comparatively small value and the sensi- 
tivity of the discriminator is maintained 
at a reasonable level. 

Frequency stabilization is also accom- 
plished in some f-m transmitters by a 
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frequency-division method and mechani- 
cal readjustment of the transmitter fre- 
quency. The outputs of the transmitter 
oscillator and the crystal oscillator are 
each applied through separate frequency- 
divider circuits. The arrangement is 
designed so that when the transmitter 
carrier frequency is at its correct value 
the outputs of the two dividing networks 
are equal in frequency. If the transmitter 
carrier frequency shifts, the difference 
in the output frequencies of the dividing 
networks is arranged to operate a motor 
which automatically retunes the trans- 
mitter master oscillator. The advantage 
of this more complicated system of fre- 
quency stabilization is that the trans- 
mitter carrier frequency is returned 
exactly to its proper value whereas in 
the first system discussed above, the 
transmitter carrier frequency is only re- 
turned near its proper value. 

13.9 Advantages and disadvantages of 
f-m. There are two main advantages of 
an f-m system of communication. The 
first is that the signal-to-noise ratio can 
be made much greater than in an a-m 
system. This is due, first, to the fact 
that most static or man-made interfer- 
ence causes only amplitude variations in 
the receiver signal; the frequency varia- 
tions caused by static are small. Re- 
ceiver noise caused by shot effect and 
thermal agitation is present in f-m re- 
celvers as well as a-m receivers since this 
type of noise causes frequency modulation 
as well as amplitude modulation. How- 
ever the percentage of noise can be 
reduced by using wide band f-m. 

The second advantage of an f-m 
system is that modulation does not vary 
the amplitude and therefore the power 
of the transmitted signal. The trans- 
mitter valves, then, may be operated at 
maximum efficiency at all times, which 
results in lower operating costs for high- 
power transmitters, an important factor 
in commercial broadcasting. Further, 
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since the a-f does not change the ampli- 
tude of the carrier appreciably, the a-f 
power required in an f-m transmitter is 
much less than in an a-m transmitter. 

The greatest disadvantage of f-m is 
the wide frequency band required for 
each channel. A wide band f-m must be 
used in order to obtain any pronounced 
improvement in signal-to-noise ratio over 
an a-m system, since the frequency de- 
viations due to noise are then very much 
smaller than those due to the signal 
voltage. This necessity of using a wide 
band restricts f-m to the higher fre- 
quency channels where space is available. 
As a result f-m transmission is limited 
almost to line-of-sight communication 
with a maximum dependable range of 
about fifty miles. 

13.10 Sidebands in frequency modu- 
lation. The sideband frequencies required 
for satisfactory transmission of frequency- 
modulated signals are more difficult to 
determine than in the case of amplitude- 
modulated signals. In a-m waves, the 
sidebands which are introduced by each 
modulating frequency are F+f and F—f 
where F is the carrier frequency and f 
the modulating frequency. In f-m waves, 
the sideband components depend not 
only on the frequency but also on the 
amplitude of the modulation signal. The 
bandwidth required for satisfactory trans- 
mission of f-m signals therefore depends 
upon the maximum frequency deviation 
F, and the frequency of the modulating 
signal f. 

The sideband frequencies in the modu- 
lated signal arise from the fact that the 
sinusoidal carrier wave is distorted dur- 
ing the modulating process. This dis- 
tortion is illustrated by the waveforms 
of Fig. 13-24 in which one cycle of a 
frequency-modulated wave is compared 
with one cycle of a sinusoidal wave of the 
same period. In Fig. 13-24 (a) the fre- 
quency is gradually decreasing and the 
negative portion of the modulated wave 
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Fig.13-24 Waveform diagrams to illustrate dis- 
tortion in an f-m wave (a) Frequency decreasing 
(b) Frequency increasing. 

is of greater duration than the positive 
portion. In Fig. 13-24 (b) the frequency 
of the modulated wave is increasing and 
the positive portion has the greater dura- 
tion. The distorted wave is equivalent 
to a sine wave plus sinusoidal components 
at harmonic frequencies. Mathematical 
analysis of an f-m wave shows that side- 
band components of frequencies /' +f, 
F+2f, F+3f, etc., are all present. The 
amplitude of each sideband present de- 
pends on the variation in shape of the 
f-m wave from the sine wave, which in 
turn depends on the frequency and am- 
plitude of the modulating signal. On a 
frequency scale, the sidebands are sym- 
metrically placed on either side of the 
carrier frequency and although there is 
an infinite number theoretically, in prac- 
tice the number required for high-fidelity 
reception is limited. 


A. Frequency Spectrum and Bandwidth 
Requirements 


The frequency spectrum of a particu- 
lar f-m wave is shown in Fig. 13-25. 
The r-f carrier frequency is 50 Mc/s. 
The modulating frequency is 5 Ke/s and 
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Fia.13-25 Frequency spectrum of an f-m wave 
with the characteristics given. 


its amplitude is such as to produce a 
deviation of 50 Ke/s on either side of the 
carrier. A mathematical analysis of the 
waveform shows that fourteen sidebands 
of appreciable amplitude are produced 
on either side of the carrier to transmit 
the signal. Higher order sidebands exist 
but their amplitudes are so small that 
they may be neglected. The significant 
sidebands are plotted to produce the 
frequency spectrum of Fig. 13-25. The 
position and height of the lines of the 
spectrum indicate the frequency and 
energy level respectively of each of the 
sidebands. The spectrum shows that 
most of the energy in the wave is con- 
tained in the sidebands and that some 
of the sidebands contain more energy 
than the carrier itself. It should be 
noted that while the frequency deviation 
is 50 Ke/s on each side of the carrier, 
the bandwidth required for transmission 
of the 14 sidebands is 140 Ke/s. 


B. Effect of Varying the Amplitude 
of the Modulating Signal 


A change in the amplitude of the 
modulating signal produces a change in 
the frequency deviation of the f-m 
carrier. This results in a frequency spec- 
trum in which the bandwidth and energy 
distribution are different from those in 
the original spectrum. If the frequency 
deviation is reduced from 50 Ke/s to 
25 Ke/s, while the frequencies of the 
modulating signal and carrier are held 
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Fiq.13-26 Effect of decreasing frequency devi- 
ation with modulation frequency constant (a) 
Frequency deviation 50 Ke/s (b) Frequency devi- 
ation 25 Ke/s. 


constant, Fig. 13-26 (a) and (b), the 
number of significant sidebands falls 
from fourteen to eight. The bandwidth 
is reduced from 140 Ke/s to 80 Ke/s and 
the distribution of energy in the side- 
bands is changed as shown by the 
spectrum. 


C. Effect of Varying the Frequency 
of the Modulating Signal 


If the frequency of the modulating 
signal is reduced while the deviation is 
kept constant, the frequency spectrum 
is altered as shown in Fig. 13-27. A 
reduction in the frequency of the modu- 
lating signal from 5 Ke/s to 2.5 Ke/s 
results in an increase in the number of 
significant sidebands from fourteen to 
twenty-four. The bandwidth is reduced 
however from 140 Ke/s to 120 Ke/s. 


C. Deviation Ratio 


The frequency spectrum is dependent 
upon the frequency deviation F, and the 
frequency of the modulating signal f as 
shown in the preceding paragraphs. Of 
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Fic.13-27 Effect of decreasing modulating fre- 
quency with frequency deviation constant (a) 
Modulating reaencs, 5 Ke/s (b) Modulating 
frequency 2.5 Ke 


equal significance is the ratio of the 
maximum deviation to the maximum 
modulation frequency. This ratio equals 
Sinaz 
frequency-modulation index represented by 
the symbol. m,;. It determines the number 
of significant sidebands in the spectrum 
and the distribution of energy in the 
sidebands. Two waves with different 
deviations and modulating frequencies 
but with the same deviation ratio of 5 
are shown in Fig. 13-28. The number of 
significant sidebands and the distribu- 
tion of energy in the sidebands is the 
same in each case. In general, the greater 
the deviation ratio, the greater the 
number of significant sidebands present 
in the transmitted signal as shown by the 
table at the top of page 13:19. 

If the deviation ratio is small, a large © 
proportion of the energy is contained in 
the carrier. As the deviation ratio in- 
creases the proportion of energy in the 
sidebands increases and the energy in 
the carrier periodically falls to zero. 


and is called the deviation ratio or 
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Fia.13-28 Frequency spectra with constant 
deviation ratio of five (a) Frequency deviation 
50 Ke/s, modulating frequency 10 Kc/s (b) Fre- 
quency deviation 25 Ke/s, modulating frequency 
5 Ke/s. 


13.11 Comparison of frequency modu- 
lation and amplitude modulation. 

A comparison of frequency modulation 
and amplitude modulation is given in 
the table on page 13:20. 

13.12 Phase modulation. Frequency 
modulation with a reactance-tube modu- 
lator is accomplished by varying the 
frequency of the oscillator directly. This 
system requires extensive frequency 
stabilization. The system of phase-shift 
modulation eliminates the necessity of 
stabilization circuits by accomplishing 
frequency modulation indirectly and 
making use of a crystal oscillator. A 
constant-frequency carrier is phase 
modulated by the a-f signal and con- 
verted to a frequency-modulated wave 
by a succession of frequency multipliers. 
The following example illustrates the 
method. Three cycles of a wave of con- 
stant frequency and amplitude are shown 
in the interval AB of Fig. 13-29 (a). 
During the following equal interval BC, 
the phase of the wave is gradually re- 
tarded by 45° so that 33 cycles are pro- 
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duced. The frequency of the wave train 
is then multiplied to 40 times the original 
frequency as represented in Fig. 13-29 (b). 
The interval AB therefore contains 120 
cycles while the interval BC contains 125 
cycles. The phase modulation introduced 
in (a) has resulted in frequency modula- 
tion in (b). In practice, the total phase 
deviation in the modulator stage must 
be kept to about 30° in order to produce 
linear modulation. A frequency multi- 
plication of several thousand times must 
be introduced to produce a frequency 
deviation comparable with f-m. To pre- 
vent the carrier frequency from becom- 
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F1g.13-29 Phase-modulation method of fre- 
quency modulation (a) Wave modulated by phase 
shift of 45° (b) Frequency increased 40 times to 
show frequency modulation. 
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Comparison of Amplitude and Frequency Modulation 


CHARACTERISTIC 


AMPLITUDE MODULATION 


—— 


Amplitude of carrier 
wave 


Amplitude of modu- 
lating voltage 


Varies with the degree of 
modulation 


FREQUENCY MODULATION 


Remains constant during 
modulation 


Determines the variation in 
amplitude of the transmitted 
wave; the stronger the 
audio signal, the greater the 
variation in amplitude of the 
transmitted wave 


Frequency of modu- 
lating voltage 


Determines the rate of 
change of the amplitude of 
the carrier wave 


Determines the deviation in 
frequency from the carrier 
frequency; the stronger the 
audio signal, the greater the 
frequency deviation 


Determines the rate at which 
the carrier frequency 
changes between its upper 
and lower limits 


Width of effective 
band transmitted 


Determined by the fre- 
quency of the modulating 
signal 


Modulating power 


Power required for anode 
modulation depends on the 
required degree of modula- 
tion; it is one half of the 
anode power input to the 
modulated stage for 100% 
modulation 


Determined by the ampli- 
tude and frequency of the 
modulating signal 


Power required for f-m is 
negligible; amount required 
is only enough to supply the 
anode loss in the modulator 
valve 


Carrier power 


The final amplifier must be 
capable of supplying four 
times the carrier power on 
100% modulation peaks 


The final amplifier need only 
be capable of supplying the 
carrier power 


Frequency limita- 
tion 


Amplitude modulation is 
practicable on almost any 
radio frequency 


Frequency modulation is 
limited to the higher’ fre- 


| quencies of the order of 20 


Mc/s and above 


ing excessive, the modulated wave is 
heterodyned with an oscillator output of 
constant frequency and the resulting 
beat frequency obtained. In this way 
the frequencies of the carrier and side- 
bands are reduced while the frequency 
deviation is maintained. The process of 


increasing the frequency by multipliers 
and reducing it by heterodyning is re- 
peated as often as required to obtain the 
desired deviation and final carrier fre- 
quency. While this system requires a 
great many individual circuits, the stages 
may be operated at sufficiently low power 
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to justify the method, especially in view 
of the high frequency stability obtainable 
with a crystal oscillator. 


A. Phase Modulator 


A simple phase modulator circuit is 
shown in Fig. 13-30. V, and V2 are two 
Class C r-f amplifiers connected so that 
their output currents are fed in parallel 
to an LC circuit tuned to the carrier 
frequency. The control grids are driven 
by the r-f carrier voltage from the crystal 
oscillator. This voltage is applied across 
the phase-shifting circuit RiC;. As a 
result, the grid voltage applied to V2 
lags that applied to V; by 90° and so the 
anode currents 7; and 22 are 90° out of 
phase with each other. The resultant r-f 
current 2 to the LC circuit is the vector 
sum of the two components 2, and 2. 
The a-f modulating signal is applied in 
push-pull to the suppressor grids of V 
and V2 so that at any instant equal and 
opposite voltages act on these grids as 
shown in Fig. 13-31 (a) and (b). At the 
beginning of the a-f cycle t, the sup- 
pressor voltages are equal and so the 
anode currents 7; and 2 are equal. The 
resultant current 7 leads i: by 45° as 
shown in the first vector diagram of Fig. 
13-31 (c). At time ¢, the voltage on the 
suppressor grid of V, is a positive maxi- 
mum and that on the suppressor grid of 
V. a negative maximum. Hence 7 is a 
maximum and 7 a minimum. Thus 7 
leads 7, by more than 45° as shown in the 
second vector diagram. At time & con- 
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Fic.13-31 Operation of phase modulator (a) 
A-f voltage applied to suppressor grid of V, (b) 
A-f voltage applied to suppressor grid of V» (c) 
Vector diagrams of current.to tank circuit. 


ditions are the same as at ¢é and the 
phase difference between 7 and 7% is 45° 
again. At time ts the voltage on the 
suppressor grid of V,; is a negative 
maximum and that on the suppressor 
grid of V2 is a positive maximum. In 
this case 22 is a maximum and 2; a mini- 
mum. Hence 7 leads 22 by less than 45° 
as shown in Fig. 13-29 (c). At time t, 
the conditions are the same as at to and 
the phase difference between 7 and 72 is 
45° again. Therefore during one cycle 
of the a-f signal, the phase of 7 relative to 
72 undergoes one cycle of changes and so 
the phase of the cutput tank voltage 
undergoes one cycle of changes. The 
greater the amplitude of the modulating 
voltage, the greater is the phase deviation. 
The r-f output voltage has almost con- 
stant amplitude since, when one valve 
conducts more current, the other con- 
ducts less current. The small variations 
in amplitude of the output voltage may 
be eliminated by the use of a saturated 
amplifier following the modulator. 


B. Sidebands in Phase-M odulated 
Waves 


In both f-m and p-m, the sideband 


13:22 


A-f input 


voltage A-f output to 


i phase modulator 


—~O 


o 


F1c.13-32 Amplitude-correcting network for 
p-m circuit. 


frequencies present are theoretically in- 
finite in number and have values F'+f, 
F+2f, F+3f, etc., where F is the fre- 
quency of the carrier and f is the modu- 
lating frequency. In‘f-m the amplitudes 
of the sidebands are inversely propor- 
tional to the modulating frequency for a 
given amplitude of modulating voltage. 
In p-m, however, the amplitudes of the 
sidebands for a given amplitude of modu- 
lating voltage are independent of fre- 
quency. If it is desired to convert the 
p-m wave to an f-m wave, the amplitude 
of the sidebands produced in the p-m 
circuit must be made to decrease as the 
frequency of the modulating voltage in- 
creases. A simple correcting network 
which accomplishes this is shown in 
Fig. 13-32. The a-f modulating voltage 
is applied across R and C in series. The 
a-f voltage developed across C is applied 
as the input to the phase modulator. For 
low frequencies, the reactance of C is 
high and a large proportion of the input 
voltage is developed across C. For high 
frequencies, the reactance of C is re- 
duced and a smaller proportion of the 
input voltage is developed across C. By 
making F large in comparison with the 
reactance of C, the amplitude of the a-f 
input to the modulator is made inversely 
proportional to the modulating frequency. 
In this way the output of the phase 
moduiator may be made to resemble a 
true f-m voltage. 


C. Detection of Phase-M odulated 
Waves 


In the preceding paragraphsthe method 
of producing an f-m wave from a phase- 


required in the receiver. 
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modulated wave is discussed. If this 
system is employed, the operation of the 
receiver is the same as that for detecting 
f-m waves produced by the reactance- 
tube modulation method. It is possible, 
however, to transmit phase-modulated 
waves without conversion to frequency 
modulation characteristics. In this case, 
a wider bandwidth is required to accom- 
modate the high frequencies in the modu- 
lation signal and a correcting network is 
This network 
is similar to that used in the transmitter 
to produce f-m waves by the phase-shift 
modulation process. If the phase devia- 
tion of the p-m wave is small, the con- 
version to an a-m wave which can be 
detected may be accomplished in a 
manner similar to the phase-modulation 
process described previously. The p-m 
wave is combined with a carrier pro- 
duced in the receiver. This auxiliary 
carrier is synchronized 90° out of phase 
with the carrier component of the p-m 
wave before being combined with it. 
The result is an amplitude-modulated 
wave which can be detected by the ordi- 
nary a-m detector. 

13.13 Pulse modulation. An alterna- 
tive method to the transmission of in- 
telligence by a continuous wave, is the 
transmission by a series of short carrier- 
wave pulses. Five types of pulse modu- 
lation are described in the following para- 
graphs. These include pulsed amplitude 
modulation (p-a-m), pulsed frequency 
modulation (p-f-m) , pulse width modulation 
(p-w-m), pulse time modulation (p-t-m) 
and pulse code modulation (p-c-m). 


A. Pulsed Amplitude Modulation 


Fig. 13-33 shows the waveforms of the 
a-f modulating voltage and r-f output 
voltage of a pulsed amplitude trans- 
mitter. The waveforms are similar to 
those produced in continuous wave modu- 
lation except that the transmitter is 
periodically turned on and off. The 
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pulses are equally spaced and of equal 
duration but vary in amplitude. Usually, 
the r-f carrier is in the microwave band 
and the duration of the pulses of the 
order of one to three microseconds. The 
pulse repetition rate should be at least 
twice the highest modulating frequency. 
An example will serve to illustrate two 
advantages of this type of modulation. 
A transmitter produces r-f pulses of two 
microseconds duration at a repetition 
rate of 10 Ke/s. One pulse is then pro- 
duced every 100 microseconds. The 
transmitter is in operation for 7, of the 
total transmitting time. The average 
power of the transmitter is only 4 of 
the peak power and the transmitting 
circuits may be driven far above their 
normal power ratings for continuous 
operation. 

A second advantage of transmission 
by pulses is the increased signal-to-noise 
ratio of the system. This also arises from 
the fact that the transmitter is in opera- 
tion for only a small fraction of the total 
transmitting time. The receiver may 
therefore be silenced for the compara- 
tively long interval between pulses. Noise 
generated in the receiver and entering 
by way of the aerial is ineffective during 
the intervals when the receiver is silenced. 
As there is no logs in signal and a reduc- 
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tion in noise output, the signal-to-noise 
ratio is increased. 

The detector circuits in the receivers 
of pulsed systems are somewhat different 
from those used in continuous-wave 
systems. The p-a-m detector maintains 
the output voltage at the peak value of 
the pulse until the next pulse arrives. 
This permits the output to fluctuate at 
the a-f rate but not at the pulse repeti- 
tion rate. 


B. Pulsed Frequency Modulation 


An f-m wave may also be transmitted 
as a series of pulses instead of a con- 
tinuous wave as shown in Fig. 13-34. 
In this case, the amplitude of the pulses 
remains constant and the frequency of 
the carrier is made to vary from pulse 
to pulse by the modulator. As with 
p-a-m, the peak power of the transmitter 
is much greater than the average power 
and a higher signal-to-noise ratio is 
attainable if the receiver is silenced dur- 
ing the interval between pulses. 


C. Diplexing and Multiplexing 


It is possible to transmit a series of r-f 
pulses which are amplitude modulated 
and frequency modulated independently 
as shown in Fig. 13-35. Two separate 
sources of intelligence called channels pro- 
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duce a-f signals which are independent of 
each other in frequency and amplitude. 
The signal from channel A is used to 
modulate the amplitude of the r-f pulses 
while the signal from channel B is made 
to modulate the frequency. The intelli- 
gence from each type of modulation is 
recovered and separated in the receiver 
by two circuits one of which responds 
to the a-m only and the other to the 
f-m only. This system of transmission is 
called diplexing and since only one trans- 
mitter is used, there is a saving in power, 
time and equipment. 

The advantages afforded by diplexing 
are further extended by utilizing the inter- 
val between r-f pulses to transmit addi- 
tional signals. Communication by this 
method is referred to by the terms multi- 
channel communication or multiplexing. 
The types of modulation described in the 
following paragraphs are well suited to 
multiplexing. 


D. Pulse Width Modulation 


In pulse width modulation, the trans- 
mitter produces r-f pulses of constant 
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(a) 


(b) 


(f) 


Fic.13-37 Voltage waveforms of a pulse-width- 
modulation transmitter (a) 10 Ke/s sinusoidal 
voltage (b) 10 Ke/s sawtooth voltage (c) A-f 
modulating voltage (d) Combination of sawtooth 
and modulating voltages (e) Modulation envel- 
ope (f) R-f output of transmitter. 
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amplitude and frequency but of varying 
duration. The duration or width of the 
pulses is varied in accordance with the 
amplitude of the modulating signal while 
the frequency of the pulse variations is 
made equal to the modulating frequency 
(Fig. 13-36). 

The operation of the modulator and 
transmitter is illustrated by the wave- 
forms of Fig. 13-37. The pulse repetition 
frequency is fixed at about 10 Ke/s by 
an oscillator which produces a sinusoidal 
output as shown in (a). This output is 
used to trigger a sawtooth generator 
which produces a positive-going saw- 
tooth waveform as shown in (b). The 
a-f modulating voltage shown in (c) is 
applied to the cathode of the modulator 
valve and the sawtooth voltage to the 
grid of the same valve. Current flows 
through the modulator when the grid is 
made sufficiently positive or the cathode 
sufficiently negative. This condition is 
indicated in (d) as the time when the 
sawtooth waveform is above the sinu- 
soidal waveform. When the valve con- 
ducts, the anode potential falls producing 
negative pulses of varying width. These 
pulses are amplified and squared to form 
the modulation envelope shown in (e). 
The modulator then turns the transmitter 
on for the duration of each pulse produc- 
ing the r-f output shown in (f). 

Pulse width modulation is readily 


adaptable to multi-channel operation as 
illustrated in Fig. 13-38. The system 
handles eight channels and operates in 
the 6-7 cm. band. Synchronizing pulses 
are transmitted with the carrier to enable 
the receiver to separate the channels. 
The syne. pulses have a duration of 
20 microseconds and are transmitted at 
a constant repetition rate of 10 Ke/s or 
one pulse every 100 microseconds. Thus 
the interval between sync. pulses is 80 
microseconds. As the average duration 
of the modulated pulses is 3.5 micro- 
seconds, there is sufficient time in the 
interval to transmit 8 pulses correspond- 
ing to 8 separate channels. The intelli- 
gence of channel | is carried by the first 
pulse in each interval following the sync. 
pulse. Channel 2 is made up of the 
second pulse in each interval and so on. 

The process of multiplexing the 
channels is carried out in the transmitter 
as follows. The output voltage of the 
sine wave oscillator described above is 
used to trigger a sawtooth generator. A 
positive-going voltage which has the 
same frequency as the oscillator and 
which has no steady period is produced 
as shown in Fig. 13-38 (a). This voltage 
is made to trigger a sync. pulse generator 
which produces a square wave of voltage 
at the beginning of each cycle of the 
sawtooth waveform as shown in Fig. 
13-38 (b). The positive-going voltage of 
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Fig. 13-38 (a) is also applied to a series 
of biased-off sawtooth generators, one for 
each channel. The bias on each of these 
circuits is somewhat greater than the 
bias on the preceding one in the series. 
Each sawtooth generator is triggered 
when the positive-going voltage over- 
comes the bias. As a result, the circuits 
operate successively and produce saw- 
tooth voltage pulses as shown in Fig. 
13-38 (c), (d) and (e). While only three 
channels are indicated in the diagram, 
it is evident that several more may be 
accommodated without causing inter- 
ference among the channels. Each series 
of pulses may be modulated by a dif- 
ferent a-f in the manner described for 
Fig. 13-37. 

Finally, the outputs of the individual 
modulators are combined to form a series 
of square pulses. This waveform when 
amplified is used to modulate the r-f 
wave train of the transmitter. 

At the receiver, the signal is sent to 
each of the channel units as well as to 
an integrator which separates the sync. 
pulse from the channel pulses. The in- 
tegrator is a series RC circuit with its time 
constant adjusted to make it respond to 
the sync. pulses but not to the shorter 
channel pulses. The integrator triggers a 
sawtooth generator the output of which 
operates a gate valve in each of the 
channel units. These gate valves have a 
successively greater bias from one channel 
unit to the next so that each gate valve 
produces a positive gate pulse of about 
8 microseconds duration in succession 
during the interval between sync. pulses. 
Although the signal is passed to one 
grid of the first amplifier in each unit, 
none of these amplifiers conducts until 
they receive their gate pulse. Thus unit 
one amplifies only the first modulated 
pulse following each sync. pulse. None 
of the other signal pulses affects this 
amplifier since its gate pulse occurs only 
during the reception of the first signal 


FUNDAMENTALS OF RADIO 


pulse. Similarly unit two is gated on 
during the reception of the second signal 
pulse following each syne. pulse and is 
inoperative while the other channel pulses 
are received. In this way, the pulses for 
each unit are separated, each operating 
its respective unit. 

In each channel unit, the signal pulses 
pass through suitable low-pass filters, 
with a cut-off at about 4 Ke/s, and the 
modulation frequencies are recovered and 
amplified before being passed to appro- 
priate output circuits. 

Such a system finds best application 
in telephone systems, where multiplex- 
ing is a necessity in view of economy of 
time and equipment and where the 
fidelity obtainable with only 4 Ke/s.a-f 
band-pass is sufficient for reproduction of 
voice frequencies. 


E. Pulse Time Modulation 


In each of the pulse modulation systems 
so far considered, some characteristic of 
the pulse itself has been altered in ac- 
cordance with the audio modulating 
signal. A transmission by pulse time 
modulation consists of a series of r-f 
pulses of constant amplitude, duration 
and carrier frequency but with variable 
timing. The time interval between suc- 
cessive pulses is made to vary in accord- 
ance with the instantaneous amplitude 
of the modulating signal. The frequency 
of the pulse variations is governed by the 
frequency of the modulating voltage. 

Pulse time modulation was developed 
mainly for multi-channel operation. It 
has been used in radio and telephone 
communication of the coaxial cable type, 
u-h-f broadcasting and television sound 
channels. 

A number of advantages of p-t-m over 
other types of transmission are as follows. 

(i) The signals are of the simplest type. 

They are short pulses of constant 
shape and duration with variable 
timing. 
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(ii) With this type of modulation, para- 
sitics can be considerably reduced. 
The signal-to-noise ratio of a p-t-m 
system is greater than that of an 
a-m or f-m system under compar- 
able conditions. 

Noise can only affect the receiver 
for the short time during which the 
pulse is being received; the receiver 
may be silenced during most of the 
period between pulses. 

The pulses may be given additional 
characteristics that enable them to 
be separated from noise. 

The cumulative distortions of am- 
plifiers in a-m and f-m systems are 
not encountered in p-t-m. 

The total bandwidth requirement 
of a p-t-m system is independent of 
the number of channels used. This 
is in contrast to other types of 
multi-channel operation based on 
frequency selection in which the 
bandwidth required for satisfactory 
transmission increases with the 
number of channels employed. 

A p-t-m transmitter designed for single- 
channel operation is illustrated by the 
block diagram of Fig. 13-39. The a-f 
signal is amplified by an audio amplifier 
which has a flat response over the operat- 
ing range from approximately 300 c/s 
to 2 Ke/s. Its output is fed to a syn- 
chronized blocking oscillator of the type 
described in Chapter XV. The blocking 
oscillator produces a series of single- 
swing oscillations of about one micro- 
second duration in each of its positive 
and negative half cycles. In the absence 
of any modulating signal from the a-f 


(iii) 


(iv) 


(v) 


(vi) 


(vii) 


amplifier, these pulses are generated at a 
constant frequency of about 10 Ke/s as 
indicated in Fig. 13-40 (a). The modu- 
lating signal is applied to the blocking 
oscillator to modulate the frequency of 
the pulses as shown in Fig. 13-40 (b) 
and (c). The modulated pulses are ampli- 
fied and the negative portions clipped 
off by the following stage. The result is a 
series of positive square pulses of con- 
stant amplitude and duration but of 
varying time interval as indicated by 
Fig. 13-40 (d). These pulses are further 
amplified by the modulator which turns 
the transmitter on for the duration of 
the pulse. The transmitter operates at a 


TTT 


(a) 


Fiq.13-40 Voltage waveforms produced by 
p-t-m transmitter circuits (a) Unmodulated out- 
put voltage of blocking oscillator (b) A-f modu- 
lating signal (c) Modulated output voltage of 
blocking oscillator (d) Output voltage of modulator 
(e) R-f output of transmitter. 


13:28 


Local 
oscillator 


FUNDAMENTALS OF RADIO 


Demod - A-f 
ulator amplifiers 


FiG.13-41 Block diagram of a single-channel p-t-m receiver. 


frequency of 3000 Mc/s, producing r-f 
pulses of one microsecond duration and 
at an average repetition rate of 10 Ke/s, 
Fig. 13-40 (e). 

A superheterodyne receiver suitable 
for the reception of the single channel 
p-t-m signals of the above transmitter is 
illustrated by the block diagram of Fig. 
13-41. The aerial signal at 3000 Mc/s is 
mixed with the output of the local oscil- 
lator at 3060 Mc/s to provide an i-f of 
60 Mc/s. The i-f signal is amplified by a 
series of i-f amplifiers and applied to the 
second detector. The output of the de- 
tector is the video signal which consists 
of a series of square pulses similar to 
those used to modulate the transmitter. 
After further amplifications, the video 
signal is fed to the demodulator which 
reproduces the a-f signal. The waveforms 
of the various signals developed through- 
out the receiver are shown in Fig. 13-42. 

The video signal which is passed to 
the demodulator is also fed to a slicer 
circuit which removes a slice from the 
pulse at the time of steepest rise and fall. 
This voltage is used to gate the receiver 
to remove all noise between pulses. 

The demodulator is shown in simpli- 
fied form in Fig. 13-43. It is essentially 
a sawicoth generator in which the time 
constant C2R, is made to correspond to 
that of the blocking oscillator in the 
transmitter. The charging capacitor C, 
charges exponentially through R, and is 
discharged through the valve when a 
positive pulse is received at the grid. 


The input to the circuit is the video 
output of the detector. The variation 
in the period between pulses produces a 
corresponding variation in the amplitude 
of the sawtooth voltage across Co. This 
output is passed through a low-pass filter 
which retains the a-f component of volt- 
age and filters out the higher frequency 
components which are not required. Volt- 
age waveforms which illustrate the opera- 
tion of the demodulator are shown in 
Fig. 13-44. 
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Fiac.13-42 Voltage waveforms produced in 
p-t-m receiver (a) R-f input signal from aerial 
(b) Local-oscillator output voltage (c) I-f signal 
applied to detector (d) Video output of detector 
(e) A-f output of demodulator. 
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The simplified demodulator of Fig. 
13-43 introduces too much distortion to 
provide satisfactory operation in the 
p-t-m receiver. A more elaborate de- 
modulator circuit is shown in Fig. 13-45. 
The sawtooth generator circuit Vj, is 
followed by a cathode follower V2. The 
sawtooth voltage across C2 is also de- 
veloped across the cathode load com- 
ponents R3C3. This signal is applied 
through V3, a bi-directional, pulse- 
operated triode switch, to Cs a small 
viewing capacitor. The positive pulses 
which make up the video input to V; 
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Fia.13-44 Voltage waveforms produced by 
p-t-m demodulator (a) Video signal input to de- 
modulator (b) Voltage produced across C» (c) Fil- 
tered a-f output voltage. 


are also applied through 7; as positive 
pulses to both grids of V3. These pulses 
develop automatic bias across R4and R; 
which keeps the valve non-conducting 
except for the duration of each pulse. 
At the instant when the sweep capacitor 
C, attains its peak voltage, the positive 
pulse applied to the grids of V3; permits 
either triode to conduct and allows C;, to: 
charge or discharge to the same voltage 
as C3. If C3 is charged to-a higher voltage 
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F1¢.13-45 Step-function demodulator for p-t-m receiver. 
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(b) 


F1q.13-46 Waveforms to illustrate operation of 
the step-function demodulator (a) Voltage across 
C2 (b) Voltage across Cs. 


than Cs at the instant when the grids of 
V3 are made positive, the anode of the 
right triode becomes positive to its 
cathode, the valve conducts and the volt- 
age across C, rises until the capacitors 
have the same voltage. On the other 
hand, if C3 is charged to a lower voltage 
than C, at the instant the grids are made 
positive, the cathode of the left triode 
becomes negative to its anode. This 
valve conducts until C3 and Cs have the 
same voltage. Only one side of the 
double triode may conduct at any one 
time. In this way, Cs is allowed to view 
the peak sweep voltage for a brief time 
during the reception of each pulse. Since 
V3 is instantly cut off again at the 
end of the pulse, Cs maintains its maxi- 
mum voltage during the interval be- 
tween pulses. The waveform of voltage 
across C's is shown in Fig. 13-46. This 
voltage, when smoothed out by low-pass 
filters is the a-f output of the demodu- 
lator. 

R; and C; in the cathode circuit of V2 
constitute a delaying circuit. In the 
absence of C3, the cathode potential of 
V, would fall abruptly as C2 discharged 
through V;. This fall in potential would 
occur at the same time as the positive 
voltage applied to the grids of V3. Asa 
result, Cs would view the discharge of C. 
instead of its peak voltage. To prevent 
this, C3 is connected across R3. When 
C, discharges abruptly through V,, the 
grid potential of V2 falls sharply. The 
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Fic.13-47 Sampling and quantizing technique 
used in p-c-m. 
cathode potential is prevented from fall- 
ing as quickly due to the discharge of C3 
through R3;. Thus V»2 is cut off by the 
discharge of Cz and the peak voltage 
across C3 is maintained while the view- 
ing action takes place. The charging 
time of C; is not delayed as this capacitor 
charges through the lower resistance of V2 
and discharges through R; as explained. 

The type of circuit just described is 
called a step-function demodulator. Such 
a circuit is preferable to the simpler one 
consisting of the sweep generator and 
low-pass filter because it makes possible 
the use of a lower pulse repetition rate 
for a given a-f modulating frequency 
without introducing undue distortion. 


F. Pulse Code Modulation 


Communication by pulse code modula- 
tion (p-c-m) is accomplished by sampling 
the audio signal at regular intervals and 
transmitting a coded group of pulses 
which represents the amplitude of the 
sample. Transmission of speech signals 
is considered to be satisfactory when the 
band-pass is extended to 3400 ¢/s which 
requires a sampling rate of about 8000 
c/s. The sampling technique is illus- 
trated in Fig. 13-47 which shows a 
portion of an audio signal sampled for 
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Fia.13-48 Block diagram of a p-c-m transmitter. 


amplitude at twenty points during a 
period of a second. In order to avoid 
the use of an excessively large number 
of code pulses to indicate the sample 
amplitudes, the signal is quantized into 
discrete steps or amplitude levels. The 
effective signal sent out from the trans- 
mitter and reconstructed at the receiver 
is indicated by the dotted outline of 
Fig. 13-47. Some distortion is therefore 
introduced by the quantization technique. 
The amount of distortion may be re- 
duced by increasing the number of 
quantization levels but this requires the 
transmission of more pulses in each code 
group. As shown in the following para- 
graph, any amplitude level between 0 
and 31 inclusive may be transmitted by 
a code group of 5 pulses. If the code 
group is enlarged to include 6 pulses, 
any amplitude level between 0 and 63 
may be transmitted. It is found in 
practice that only 2% of distortion or 
quantization noise is introduced in trans- 
mitting speech signals with five-pulse 
code groups. In general then, code groups 
with more pulses may be used if greater 
fidelity is required; higher sampling rates 
may be used if higher audio frequencies 
are to be transmitted. Both of these 
extensions necessitate the transmission 
of more pulses per second and hence 
increase the bandwidth requirements. 


Channel. 
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1. Buocx Diagrams. 

A block diagram of a p-c-m trans- 
mitting terminal is shown in Fig. 13-48. 
The audio signal is first passed through 
a low-pass filter which reduces the 
bandwidth to the 3400 c/s standard for 
speech signals. A constant volume 
amplifier is used to amplify the signal 
to a level at which the sampler operates 
most efficiently. The sampler effectively 
measures the amplitude of the signal at 
regular intervals 8000 times per second 
and quantizes each sample into one of 
32 discrete amplitude levels. The com- 
pressor reduces the amplitude of each 
pulse by an amount proportional to its 
amplitude. This reduces the number of 
quantization levels without increasing — 
the overall distortion. The coder pro- 
duces a group of 5 pulses which, by 
their presence or absence only, indicate 
the amplitude of the sample. The code 
groups are then passed to a combining 
unit which combines the coded signals 
from other audio channels up to a 
maximum of 12 into one complex pulse 
train. This wave train which includes 
marker pulses for synchronizing the re- 
ceiving equipment is used to modulate 
a magnetron transmitter which radiates 
pulses in the microwave band. 

The receiving equipment is indicated 
by the block diagram of Fig. 13-49. The 
first unit sorts out the pulses into the 
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F1c.13-49 Block diagram of a p-c-m receiver. 
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12 channels combined at the transmitter. 
A decoder in each channel converts the 
code groups into pulses of varying 
amplitude, which, when expanded, are 
used to reconstruct the audio signal 
from the transmitter. A low-pass filter is 
employed to filter out the high-frequency 
components of the pulses produced by 
the decoding circuits. Suitable a-f ampli- 
fiers complete the receiving system. 

2. Brnary NuMBER SYSTEM. 

The binary system of numbers is useful 
for communication by p-c-m because the 
intelligence to be transmitted is con- 
veyed only by the presence or absence 
of pulses at specific regular instants of 
time and not by their amplitude or 
waveform. This fact makes it possible 
to maintain communication even when 
the signal-to-noise ratio is comparatively 
high. 

A comparison between the decimal 
and binary number systems is given in 
the table on this page. In the decimal 
system the columns reading from the 
left to the right side of a 5 digit group 
are ten-thousands, thousands, hundreds, 
tens and units. In the binary system, 
the corresponding columns of a5 digit 
group are units, twos, fours, eights and 
sixteens. Thus the group 10011 in the 
decimal system is 10,000-+10+1; in the 
binary system it is 1+0+0+8-+16, or 25. 

The binary number equivalents in 
electrical pulses are shown in the third 
column of the table. The binary number 
1 is indicated by the presence of a pulse 
while the binary number 0 is indicated 
by the absence of a pulse. Hence, an 
amplitude level of 25 in the 5 pulse 
binary code would consist of a marker 
pulse followed by pulse, space, space, 
pulse, pulse. 

3. SAMPLING Circuit. 

The sampling circuit (Fig. 13-48) 
receives the a-f input signal and produces 
a series of output pulses which are 
equally spaced and of constant duration. 
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00001 10000 


00002 01000 i 
00003 11000 | 
00004 00100 i 
00005 10100 1st 
00006 01100 1 
00007 11100 | 
00008 00010 I 
00009 10010 I I 
00010 01010 ae | 
00011 11010 Te 
00012 00110 | 
00013 10110 1 out 
00014 01110 rit 
00015 11110 Pidd 
00016 00001 I 
00017 10001 I I 
00018 01001 | i 
00019 11001 | I 
00020 00101 ae | 
00021 10101 3 
00022 01101 Te | 
00023 11101 | 
00024 00011 | 
00025 10011 I 11 
00026 01011 iol 
00027 11011 i oe | 
00028 00111 Til 
00029 10111 1outl 
00030 Ol111 Pid 
00031 11111 ee 


The amplitude of each output pulse is 
equal to the instantaneous amplitude of 
the input voltage. The operation of the 
sampler may be understood by referring 
to Fig. 13-50. The a-f signal is applied 
across the load resistor R3 in series with 


two parallel triode circuits. One valve 
is connected to conduct during the 
positive half cycle of a-f input and the 
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Fic.13-50 Triode sampling circuit 


other during the negative half cycle. 
Both valves are normally biased off by 
automatic bias developed by R,C, and 
RC. in the grid circuits. The valves are 
permitted to conduct for a very short 


period once every aa second by a 


positive pulse applied to both grids 
through the pulse transformer. If the 
a-f input is positive, electrons flow from 
ground through R3; and V, while V2 
does not conduct. A. positive pulse is 
developed across R3 which is almost 
equal in amplitude to the signal at that 
instant. If the a-f input is négative, Vi 
does not conduct and the electron path 
is through V2 and R3. A negative pulse 
is developed across R3; equal to the 
amplitude of the input except for the 
small voltage drop across the valve. 

4. CopER. 

The sample pulses from the sampler 
are passed to the coding circuit (Fig. 
13-48). This circuit translates each 
sample pulse into a coded group of five 
pulses which represents, in the binary 
number system, the amplitude of the 
sample. One type of coding device is 
illustrated in Fig. 13-51. It consists of 
a vacuum tube similar in construction 
to a cathode-ray tube with an electron 
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Fya.13-51 Diagrammatic view of coding device 
seen from gun end of tube. 


gun and deflection plates. Mounted on 
the face of the tube is an impulse plate 
which receives the electron stream from 
the electron gun. Between the impulse 
plate and gun is an aperture plate which 
contains coded slots through which the 
electrons must pass to reach the impulse 
plate. Between the aperture plate and 
the gun is a quantizing grid framed in a 
rectangular metal collector. 

The sample pulses are applied to the 
vertical deflection plates. The vertical 
deflection is held constant at a level 
determined by the pulse while the elec- 
tron beam is swept horizontally across 
the aperture plate assembly. The beam 
is then cut off until the next pulse 
deflects it again. As the sweep takes 
place, the electrons pass through the 
apertures corresponding to that vertical 
level and are prevented from reaching 
the impulse plate where it is covered by 
the solid portions of the aperture plate. 
An electrical impulse is received from 
the impulse plate for each aperture that 
occurs in the path of the electron beam 
as the sweep takes place. The action is 
best understood by reference to a par- 
ticular example. Suppose the sample 
pulse has an amplitude level of 25 which 
is 10011 in the binary number system. 
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This pulse causes the electron beam to 
be deflected vertically to the amplitude 
level indicated as 25 on the diagram of 
Fig. 13-51. As the horizontal sweep 
takes place from left to right the electrons 
pass through the apertures in columns 
1, 4 and 5 but are obstructed by the 
aperture plate in columns 2 and 3. As a 
result, the impulse plate delivers a code 
group consisting of pulse, space, space, 
pulse, pulse. These pulses are amplified 
and are made to modulate the trans- 
mitters in the same sequence. 

The horizontal quantizing grid wires 
and the collector ensure that the electron 
beam is swept across the plates at a 
definite quantizing level. If the beam 
falls on a wire, secondary emission takes 
place. The resulting electrons go to the 
collector and produce a bias which 
moves the beam into the space between 
the wires. A feedback amplifier circuit 
which provides a gain of 20 db provides 
the correcting bias. 

5. Drcopine Circuit. 

The decoding circuit in the receiving 
equipment (Fig. 13-49) converts the 
groups of five code impulses from the 
transmitter into amplitude pulses from 
which the audio signal is reconstructed. 
The decoder consists of a resistor and 
capacitor in parallel, to which the signal 
is applied. The output is the voltage 
which exists across the capacitor at the 
end of the code group. This final voltage 
depends upon the number of pulses in 
the group, the time at which each is 
received and the amount of voltage lost 
by discharge through the resistor. The 
effect of each pulse on the capacitor 
voltage is illustrated in Fig. 13-52. Each 
of the 5 pulses received contributes the 
same amount of charge to the capacitor. 
The time constant of the RC combination 
is so chosen that the capacitor voltage 
falls to half its original voltage in a time 
equal to the interval between the pulses. 
Thus, if pulse 1 contributes 32 units of 
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F1ag.13-52 Operation of p-c-m decoder. 


charge to the capacitor at ¢,, it will have 
16 units of charge at t2, 8 units of charge 
at ts, 4 units of charge at ts etc. At te 
when the charge is measured, one unit of 
the original charge contributed by pulse 
1 still remains. Similarly, pulse 2 which 
contributes 32 units of charge at te will 
contribute 2 units of charge at ts. The 
effect of each of the other pulses is shown 
in Fig. 13-52 as 4, 8 and 16 units re- 
spectively at ts. The final result equals 
the sum of all the contributions received 
from the pulse groups. If all pulses are 
received, the final voltage is 1+2+4+8 
+16, or 31 units. If any pulse is missing 
its effect is missing from the final 
voltage. Thus the group 10011 referred 
to above will produce a final effect of 
1+0+0+8+16, or 25 units. The volt- 


50 


25 


Voltage across capacitor 


ty ty 3 
Impulse times 


Fic.13-53 Effect of code group 10011 on 
decoder. 
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age changes across the capacitor produced 
by this group are shown in Fig. 13-53. 
The capacitor receives 32 units of charge 
at ti. No pulses are received at t. and 
t3 so that the effect of pulse 1 at ts is 4 
units. At this time, pulse 4 contributes 
32 units of charge making a total of 36. 
During the next interval, this charge 
falls to half its value, or 18 units. Another 
charge of 32 units is added at t; making 
a total of 50. During the next interval, 
this charge decreases to half its value or 
25 units as indicated above. 

The operation of the circuit may be 
made less critical by adding an oscilla- 
tory circuit in series with the RC, 
circuit as indicated in Fig. 13-54 (a). 
The period of LiC2 is also equal to the 
interval between pulses. The effect of 
L,C,2 is to cause the exponential fall of 
voltage across the network to take the 
form of a series of steps as shown in 
Fig. 13-54 (b). In this way the output 
voltage is maintained nearly constant 
during the reception of each code impulse. 
6. CoMPRESSOR AND EXPANDER. 

It has been pointed out that the 
quantization technique introduces some 
distortion which is referred to as quantiza- 
tion noise. The distortion can be reduced 
by increasing the number of quantizing 
levels but this requires the transmission 
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Fia.13-55 Circuit of instantaneous compressor. 


of more pulses in each group. Since the 
ear has a logarithmic response to sound 
intensity, the quantizing voltage steps 
may be increased for signals of large 
amplitude and decreased for small am- 
plitudes without loss of fidelity. A 
compressor circuit in the transmitting 
unit (Fig. 13-48) is used to perform this 
function. It causes the quantizing error 
to be greater when the signal amplitude 
increases, but maintains the fractional 
quantizing error constant for a wide 
range of amplitude variations. 

The circuit of the instantaneous com- 
pressor is shown in Fig. 13-55. It is a 
voltage divider which includes two sili- 
con rectifiers to provide non-linear resis- 
tance paths in parallel with the load 
circuit. The rectifiers have a short- 
circuiting effect on the signal which 
increases as the amplitude of the signal 
increases. One rectifier conducts for 
signals of one polarity and the other 
when the signal polarity reverses. Thus, 
steps of equal size after the compressor 
correspond to steps of graded size before 
the compressor. 

The expander circuit in the receiving 
unit (Fig. 13-49) reverses the effect of 
the compressor. The expander ‘is in fact 
an amplifier with a compressor circuit 
connected in its negative feedback path. 
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13.14 Questions and problems. 

_ What is the chief disadvantage of 
amplitude modulation in a communi- 
cation system? 

. How is this disadvantage overcome 
by frequency modulation? 

_ Describe briefly how the capacitor 
microphone in Fig. 13-1 brings about 
modulation of the radio-frequency 
carrier. 

. What determines the frequency de- 
viation of the modulated signal? 

. How may the frequency deviation of 
an f-m system be increased? 

. What circuit of an f-m receiver re- 
places the detector of an a-m receiver? 


. What is the purpose of the limiter 
stage? 

. Explain why a limiter is used in an 
f-m receiver and why it cannot be 
used in an a-m receiver. 


. Describe the operation of the de- 
tuned-circuit discriminator of Fig. 
13-9. 

What is the chief disadvantage of 
this discriminator? 


What are the two main advantages 
of the coupled-circuit discriminator 
over the detuned-circuit discrimi- 
nator? 


State two advantages of the ratio 
detector over the discriminator. 


How are these advantages achieved 
by the ratio detector? 


What is the purpose of a reactance- 
tube circuit? 


In what respect is the circuit of Fig. 
13-18 an inductive circuit? 


What is the purpose in having fre- 
quency multipliers following the re- 
actance tube in f-m transmitters? 


How is frequency drift prevented 
(a) in a-m transmitters 
(b) in f-m transmitters? 
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Outline briefly two distinct methods 
of providing frequency stability. 


Why is it impractical to use f-m 
transmission at commercial broad- 
cast frequencies? 


Why is f-m communication prac- 
tically limited to line-of-sight range? 


What is meant by the term frequency 
spectrum as applied to a modulated 
signal? 

What effect does an increase in am- 
plitude of the modulating signal 
have on the bandwidth required for 
satisfactory transmission? 


What effect does increasing the fre- 
quency of the modulating signal pro- 
duce on the bandwidth requirements? 


What is meant by the term devia- 
tion ratio? 


How is the deviation ratio related 
to the number of sidebands in the 
signal? 


What advantage does the phase- 
shift method of modulation offer in 
producing a frequency-modulated 
signal? 


What amount of phase shift can be 
obtained by the modulator? 


How is the phase deviation increased 
without increasing the frequency of 
the carrier unduly? 

In what respect does the final p-m 
signal differ from the corresponding 
f-m signal? 


Suggest a method of converting a 
p-m signal into an a-m signal. 


State two advantages of transmis- - 


sion by the pulse-modulation method. 


. What determines the minimum 


number of pulses per second that 
must be transmitted to carry the 
modulation signal? 
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What is meant by the terms diplex- 
ing and multiplexing as applied to 
communication systems? 


In the diagram of Fig. 13-37, what 
conditions determine the duration of 
the conducting period of the modu- 
lator valve? 


What is the purpose of the synchro- 
nizing pulses transmitted by a multi- 
plexing system? 


What is the purpose of the gate valves 
in a pulse-width modulation receiver? 


What features of multiplexing by 
p-w-m make it more applicable to 
telephone communication than to 
entertainment broadcasting? 


What advantages does pulse-time 
modulation offer over other systems 
of modulation? 


What is the purpose of the slicer 
circuit in a p-t-m receiver? 

Explain the term step-function de- 
modulator applied to the circuit of 
Fig. 13-45. 


Explain the meaning of the terms 
sampling and quantizing as applied 
to pulse code modulation. 

What factor determines the number 
of quantizing levels used in a given 
p-c-m system? 
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How must a p-c-m system designed 

for speech transmission be altered 

for use in transmitting higher fre- 

quencies without distortion? 

Make a block diagram of a p-c-m 

transmitting terminal and state 

briefly the function of each unit. 

Write the numbers 45, 51 and 63 in 

the binary system of numbers. 

Draw a circuit diagram of a sampling 

circuit and explain its operation 

(a) when the input signal is positive 

(b) when the signal is negative. 

What is the purpose of the aperture 

plate in the coding tube? 

Explain the operation of the coding 

tube in coding a signal of amplitude 

level 13 units. 

(a) Explain the operation of the 
decoding circuit when receivmg 
a signal of amplitude 13 units. 

(b) State the voltage level of the 
capacitor when each pulse is 
received. 

What is the purpose of the com- 

pressor unit of Fig. 13-48? 

Draw a circuit diagram of a com- 

pressor and explain its operation for 

signals 

(a) of small amplitude 

(b) of large amplitude. 


CHAPTER XIV 


DIRECTION FINDING 


Direction finding or d-f is the deter- 
mination of the direction of an incoming 
radio wave. This is accomplished by the 
use of a directional receiving aerial and 
a sensitive receiver. Ordinary d-f 
employs the low and medium radio 
frequencies. At these frequencies the 
ground wave predominates and is ver- 
tically polarized (Chapter XII). 

14.1 Loop aerials. The directional 
aerial which is the basic component in a 
d-f system is some form of loop aerial. 
Fig. 14-1 shows a simple loop aerial with 
its plane vertical and set at right angles 
to the line of propagation of the incom- 
ing radio wave. The wave front reaches 
the two vertical sides A and B simul- 
taneously. As the wave passes through 
the loop, an alternating e.m.f. is induced 
in the two sides. These e.m.f.’s have 
the same amplitude at any instant but 


Transmitter 


Fic.14-1 Simple loop aerial with its plane 
perpendicular to the line of propagation. 


act in opposite directions around the, 
loop. Hence the resultant e.m.f. across 
the ends XY is always zero. No voltage 
is induced in the horizontal sections of 
the loop since the lines of magnetic force 
are parallel to them (i.e. the lines of 
electric force are perpendicular to them). 
It is to be noted that a consideration of 
the electrostatic field of the wave and 
its effect on a conductor.leads to the 
same conclusion as when the magnetic 
component is considered. 

If the loop is rotated so that its plane 
lies along the line of propagation (Fig. 
14-2) the wave front reaches side A 
before side B. As the wave passes, each 
of the vertical sides has an e.m.f. induced 
in it which depends upon its length and 
the strength of the passing wave at the 
instant. An alternating e.m.f. is devel- 
oped around the loop. The sequence in 


Fie.14-2 Simple loop aerial with its plane 
parallel to the line of propagation. 
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Fic.14-3 Change in loop e.m.f. during one cycle 
of r-f wave. 
the production of one cycle of the loop 
e.m.f. is shown in Fig. 14-3 (a) to (h). 
In Fig. 14-3 (a) the e.m.f.’s induced in 
the two sides are equal in amplitude but 
act in opposite directions around the 
loop. Hence the loop emf. is zero. 
In (b) the e.m-f. in side A is zero while 
the e.m.f. in side B isa maximum. Hence 
there is a resulting e.m.f. across the loop. 
In (c) the e.m-f.’s in A and B act in the 
same direction around the loop and the 
resulting e.m.f. is a maximum. The 
remainder of the cycle is shown in Fig. 
14-3 (d) to (h). 

It is noted that zero loop e.m.f. occurs 
when the maximum field strength of the 
wave appears at the centre of the loop. 
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Fic.14-4 Simple loop aerial with its plane 
making some angle between 0° and 90° with line 
of propagation. 


Hence the loop e.m.f. is 90° out of phase 
with the alternating field flux. Maximum 
loop e.m.f. occurs when the voltages in 
the two vertical arms are equal and 
opposite. 
greatest values in opposite directions 
when the arms are apart (Fig. 14-11). 
However, since modern receivers have 
high sensitivities, loop voltages obtained 
by using separations of a small fraction 
of : are satisfactory. The amplitude is 
increased by proper selection ot the 
length of the vertical arms and by the 
use of several turns for the loop. 

If the plane of the loop is neither 
parallel to the direction of the wave nor 
perpendicular to it but occupies some 
intermediate position as in Fig. 14-4, 


the wave front reaches side A _ before - 


side B but the effective width d, is less 
than d and therefore the amplitude of 
the loop e.m.f. is less than when the 
plane of the aerial is along the line of 
propagation. As the loop is rotated 


These voltages have their 
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Fic.14-5 Polar diagram of loop aerial. 


through 360° the magnitude of the 
induced e.mf. and hence the input to 


the receiver changes according to the 
angle which the plane of the loop makes 
with the line of propagation. The 
horizontal polar diagram of Fig. 14-5 
shows how the amplitude of the emf. 
changes as the loop rotates through 360°. 
This polar diagram forms a figure-of- 
eight pattern. - Since the directional 
characteristics are an integral part of the 
loop aerial, the polar diagram is con- 
sidered to rotate with the loop. There- 
fore OE represents the amplitude of the 
loop e.m.f. corresponding to the angle 4 
between the direction of the transmitter 
and the plane of the loop. Equal signals 
are received on bearings which are 180° 
apart. Hence OE’ represents the ampli- 
tude of the loop e.mf. for the angle 
§6+180°. If @ is zero or 180° the loop 
emf. becomes a maximum. That is, 
there are two positions 180° apart for 
zero e.m_f. and two positions 180° apart 
for maximum e.mf. As a result the use 
of a rotatable loop aerial enables the line 
along which the transmitter lies to be 
found but does not give the sense; that 
is, it does not distinguish on which side 
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Fic.14-6 Comparison of change in loop e.m-f. 
for small change in bearing near zero and maxi- 
mum positions. 
of the receiver the transmitter is situated 
along this line. 

14.2 Use of zeros for d-f. From Fig. 
14-6 it may be seen that a small angular 
change in the vicinity of a maximum 
produces a very small change in signal 
strength as represented by OP-OP’ 
However, in the vicinity of a zero, for 
the same angular change, the change in 
signal strength is relatively large as 
represented by OQ. Hence, to obtain a 
d-f bearing, the frame aerial is always 
rotated to the position of zero signal 
strength. A double-ended pointer placed 
at right angles to the plane of the frame 
then gives the line of direction of the 
transmitter but not its sense. 

14.3 Determination of sense. To 
obtain the sense of the transmitter bear- 
ing, a combination of loop aerial and 
vertical aerial is used. The emf. 
applied to the receiver from the vertical 
aerial is adjusted to be the same as the 
maximum value of the e.mf. from the 
loop aerial. The circuit is designed so 
that during 180° of rotation of the loop 
aerial its e.m.f. is added to that of the 
vertical aerial and during the remaining 
180° of the complete rotation its e.m_f. 
is subtracted from that of the vertical 
aerial. Fig. 14-7 shows the polar dia- 
grams of the vertical aerial and the loop 
aerial together with the polar diagram 
of the combination which is obtained by 
adding the separate diagrams to the left 
of the d-f zero line and subtracting them 
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Fic.14-7 Polar diagram of combination of loop 
aerial and vertical aerial. 


to the right. The polar diagram of the 
combination is a heart-shaped curve 
called a cardioid. As the loop is rotated 
with the vertical aerial switched in, there 
is only one position for zero receiver 
input and one for maximum receiver 
input. The position for zero receiver 
input is displaced 90° from the zero 
positions obtained with the loop aerial 
alone. The sense indicator is therefore 
at right angles to the d-f pointer (Fig. 
14-7). Hence, after a zero position is 
found using the loop aerial alone, the 
vertical aerial is switched in and a signal 
of strength OA, Fig. 14-8 (a), is applied 
to the receiver. The loop aerial is then 
rotated through 90° to give a new zero 
signal, Fig. 14-8 (b). The sense indicator 
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now indicates which of the two bearings 
obtained using the loop aerial alone is 
correct. 

The cardioid diagram has a less dis- 
tinct minimum than a figure-of-eight. 
That is, a small rotation of the loop when 
it is near the cardioid minimum does not 
cause as great a change in the intensity 
of input to the receiver as does an equal 
rotation near a minimum when the loop 
is used alone. Hence the combination is 
used only to indicate which of the two 
bearings obtained using the loop alone is 
the correct one. As a result, the cardioid 
minimum need not be exactly zero. The 
shape of the polar diagram obtained when 
the amplitude of the vertical aerial e.m.f. 
is greater than the maximum amplitude of 
the loop e.m.f. is shown in Fig. 14-9 (a). 
One minimum is obtained but it is more 
indistinct than for the perfect cardioid. 
Fig. 14-9 (b) shows the polar diagram 
when the vertical aerial e.m.f. is less than 
the loop e.m.f. Two minima are obtained 
with a small lobe of reception between. 
In practice, either of these conditions is 
acceptable if not too extreme, since only 
the sense is to be indicated. 

14.4 Phase relationships in the deter- 
mination of sense. It is seen in section 
14.1 that a loop aerial gives the line of 
direction of a transmission only. That 
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Fig.14-8 Polar diagram of combination for signal direction shown (a) when loop is in zero 


position (b) when combination is in zero position. 
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Fie.14-9 Polar diagram of combination of loop and vertical aerials when amplitude of vertical 
aerial e.m.f. is (a) greater than (b) less than maximum amplitude of loop e.m.f. 


is, two bearings are determined, 180° 
apart, one of which is the correct bearing. 
To determine the correct bearing or sense 
of the transmission the output from a 
single vertical aerial mounted nearby is 
coupled to the receiver input along with 
the output of the loop aerial. It is 
pointed out also that the loop e.m.f. is 
90° out of phase with the field flux of 
the wave at the centre of the loop. Since 


Radio wave 


the loop dimensions are small compared 
to a wavelength (Fig. 14-10) the loop 
e.m.f. is practically 90° out of phase with 
the field flux at any position near the 
loop. Hence if a vertical aerial is erected 
near the loop, its e.m.f., being in phase 
with the wave, is also 90° out of phase 
with.the loop e.m.f. The e.m.f. from the 
vertical aerial is coupled into the receiver 
input in such a way that a 90° phase 
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F1c.14-10 Phase relationship between loop e.m.f. and vertical aerial e.m.f. when loop width is 


small compared to a wavelength. 
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Vertical aerial 


Fia.14-11 Simple circuit to change phase of vertical aerial e.m.f. 90° relative to phase of loop 
e.m.f. with connections arranged for (a) zero receiver input (b) maximum receiver input. 


shift occurs. Hence at the input to the 
receiver the e.m.f. from the vertical 
aerial is either in phase or 180° out of 
phase with the loop e.m.f. depending on 
the orientation of the loop. Therefore 
as the loop is rotated with the sense 
aerial in use, the vertical aerial e.m.f. 
will reinforce the loop e.m.f. for one of 
the maxima obtained with loop only but 
will weaken it for the other maximum 
180° of rotation away. If the vertical 
aerial e.m.f. is adjusted to be equal to 
the maximum loop e.m.f., then complete 
cancellation takes place. Thus one of 
the maxima obtained in the receiver with 
the loop only becomes a zero and the 
other increases to double its value. A 
zero is thus obtained for only one bearing 
and the sense of the transmission is 
determined. 

This method of sense determination 
depends on the 90° phase shift of the 
sense aerial e.m.f. relative to the loop 
em.f. A simple circuit to accomplish 
this is shown in Fig. 14-11. The vertical 
aerial is coupled to the loop output by 
the mutual inductance between L; and 
L,. The vertical aerial circuit is made 
resistive so that the current in L, is in 


phase with the e.m.f. This may be done 
by tuning the vertical aerial to resonance 
by connecting a swamping resistance in 
series with L,. The e.m.f. induced in Le 
by this current leads this current and 
hence the vertical aerial e.m.f. by 90° 
Thus the e.m.f. introduced into the 
receiver input from the vertical aerial is 
shifted 90° in phase so as to be either in 
phase or 180° out of phase with the 
loop e.m.f. The magnitude of the e.m.f. 
from the vertical aerial is varied by 
varying the mutual inductance between 
LT, and Lp. 

The phase relationship in the receiver 
input depends on the orientation of the 
loop. When the loop is rotated to a 
position of a maximum loop e.m.f. with- 
out. the sense aerial, at some instant 
zero field strength occurs at the centre of 
the loop, Fig. 14-11 (a). The loop e.m-f. 
is then counterclockwise and a maximum 
at this instant. If a vertical aerial is 
placed. at the centre of the loop, the 
e.m.f. induced in the vertical aerial is 
zero. The e.m.f. induced in Ly leads this 
by 90° and therefore is a maximum and 
in the direction X to Y if the coils 
LT, and Lz are wound similarly. The 
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Fia.14-12 Circuit of Fig. 14-11 with L: divided 
into two sections for electrical balance. 


loop e.m.f., being counterclockwise, is 
directed from Y to X so that the two 
voltages are 180° out of phase. If the 
e.m.f. due to the vertical aerial is equal 
to the loop e.m.f., they cancel each other 
and the input to the receiver is zero. 
If, however, the loop were rotated 
through 180°, Fig. 14-11 (b), then the 
loop e.m.f. would be directed from X 
to Y and hence would be in phase with 
the e.m.f. in Lz produced by the vertical 
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Frq.14-13 Radio goniometer. 
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aerial. The receiver input would then 
be twice the value of either voltage 
Therefore as the loop is rotated with the 
sense aerial being used, only one zero 
and one maximum is observed at the 
output of the receiver. 

In practice, Lez is divided into two 
sections (Fig. 14-12), one being placed 
in each side of the loop to maintain an 
electrical balance to offset vertical effect 
which is discussed in section 14.7. 

14.5 The Bellini-Tosi fixed-frame 
aerial system. A rotating loop aerial 
may be used in shore installations but 
is not practical on board ship. Instead, 
a fixed-frame system known as the 
Bellini-Tosi system is used. It consists 
of two fixed loop or frame aerials with 
their planes vertical and bisecting at 
right angles (Fig. 14-33) mounted on the 
centre line of the ship. One loop aerial 
has its plane along the fore-and-aft line 
and the other athwartships. A device 
called a radio goniometer (Fig. 14-13) 
situated in the communications cabin is 
connected to the loop aerial. The 
goniometer consists of two coils also 
placed at right angles to each other as 
shown in Fig. 14-14. The 0°-180° coil 


Fig.14-14 Line diagram of radio goniometer. 
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Fia.14-15 Goniometer field for signal with 0° 
bearing. 
is connected to the port and starboard 
(p-s) loop and the 90°-270° coil is con- 
nected to the fore-and-aft (f-a) loop. 
A rotatable search coil is mounted at 
the centre of the crossed coils and is 
thus inductively coupled to them. The 
search coil is connected by means of 
slip rings to the receiver input. The 
operation of this system may be under- 
stood by examining the effects of signals 
with bearings of 0°, 90° and 45° in turn. 

When the signal has a bearing of 0°, 
that is from dead ahead (Fig. 14-15), 
there is zero e.m.f. in the p-s loop. Thus 
there is no current in the 0°-180° coil 
of the goniometer and no magtetic field 
set up by this coil. There is, however, 
an e.m.f. in the f-a loop and hence a 
current flows in the 90°-270° degree coil. 
A magnetic field is set up inside this 
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coil as shown in Fig. 14-15. Thus the 
magnetic field in the goniometer has 
the same direction relative to the goni- 
ometer 0°-180° line as the line of propa- 
gation has relative to the fore-and-aft 
line of the ship. If the search coil is 
rotated to make its plane parallel to 
both the direction of the magnetic field 
and the 0°-180° line, a minimum e.mf. 
is induced in it and hence minimum 
receiver input is obtained. Thus the line- 
of-direction pointer is placed in the same 
line as the plane of the search coil. The 
line-of-direction pointer and scale are 
shown in the photograph of Fig. 14-16. 

In order to obtain the correct sense of 
the bearing, the e.m.f. induced in a 
vertical aerial is coupled into the search 
coil circuit with the required 90° phase 
shift discussed in section 14.3. A 90° 
rotation of the search coil is then required 
to produce a new zero signal, Fig. 14- 
8 (a). The sense pointer fixed at right 
angles to the line-of-direction pointer 
then indicates the correct bearing. 

If the signal is from 90° on the star- 
board beam (Fig. 14-17), the emf. 
induced in the f-a loop is zero. Hence 
there is a current only in the p-s loop 


Fre.14-16 Goniometer scale and pointers. 
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Fia.14-17 Goniometer field for signal with 
bearing of 90°. 


and a magnetic field is set up in the 
goniometer parallel to the 90°-270° line. 
Thus the search coil must be rotated 
until its plane is parallel to this field, 
that is, in a 90°-270° direction to obtain 
@ minimum signal. The line-of-direction 
pointer then indicates bearings of 90° 
and 270°. When the sense aerial is 
switched in, a rotation of 90° gives a new 
minimum and the sense pointer indicates 
the correct bearing. 

If the signal is from some intermediate 
bearing, as in Fig. 14-18, e.mf.’s are 
induced in both loops. For example, a 
signal with a bearing of 45° causes equal 
e.m.f.’s to be induced in the loops. 
Hence equal currents flow in the goni- 
ometer coils and the resultant magnetic 
field set up about the search coil is at 
an angle of 45° to the planes of the 
coils. For a minimum receiver input, 
the search coil must be rotated to be 
parallel to these lines. In this position 
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Fia.14-18 Goniometer field for signal with a 
bearing between 0° and 90°. 
the line-of-direction pointer indicates 
bearings of 45° and 225°. When the 
vertical aerial is switched in, a 90° 
rotation of the search coil to a new 
minimum gives the correct sense of 
the bearing. 

14.6 Errors in direction finding. The 
bearings obtained by d-f systems are 
not always accurate because of blurred 
or displaced minima. Consequently the 
bearing obtained differs from the true 
bearing by a certain number of degrees. 
This variation is called the error of the 
bearing and may be caused by the 
following effects: 

(i) aerial or vertical effect caused by 

an unbalanced loop-aerial circuit 
(ii) re-radiation from the masts, hull 
and other ship superstructure 
night effect caused by partial hori- 
zontal polarization of the incident 
radio wave 


(iii) 
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Fi1c.14-19 Simple loop-receiver input circuit. 


(iv) aeroplane effect caused by horizon- 
tal polarization of the incident wave 
received from an aircraft due to the 
height of the aircraft or its use of a 
trailing aerial 

shore effect caused by the change 
in direction of a radio wave crossing 
from land to sea or vice versa. 

The first two effects can be corrected 
and are discussed in the following sec- 
tions, 14.7 and 14.8. The remaining 
errors, although they cannot be corrected, 
must be understood by the operator and 
are discussed in section 14.11. A loop 
which is properly designed to minimize 
the above errors and for which correc- 
tions are made may ordinarily give 
bearings which are correct to within 4 to 
2 degrees for nearby transmitters. The 
error increases, however, with greater 
distance between transmitter and loop 
and with higher frequency of transmis- 
sion. The error is greater over land than 
water. The greatest distance for which 
satisfactory bearings are obtainable varies 
from 50 to 200 miles by day for fre- 
quencies about 500 Ke/s and up to 
several thousand miles by day at much 
lower r-f frequencies. 

14.7 Vertical effect. Vertical effect 
occurs if the two vertical sides of a 
simple loop aerial are connected to 
ground by impedances which are unequal. 
This unbalance is caused by the actual 
circuits connecting the loop and the 
receiver and also by unwanted capacitive 


(v) 
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coupling introduced into the circuit by 
guy wires, gun mounts, masts and 
funnels. 

Consider the simple loop circuit, shown 
in Fig. 14-19, with the voltage output of 
the loop, which is developed across the 
tuning capacitance C, applied to the 
receiver input. When the plane of the 
loop is perpendicular to the direction of 
the radio wave, equal but opposite 
e.m.f.’s should be set up in each vertical 
arm so that the resultant receiver input 
is zero. However, since the path to 
ground from each vertical arm is different 
and has a different impedance value, 
unequal currents flow in the arms and 
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Fig.14-20 Distortion of loop polar diagram 
due to vertical effect (a) Theoretical result (b) 
Practical result. 
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Fig.14-21 Symmetrical loop-receiver input 
circuits (a) Push-pull input with split capacitor 
(b) Push-pull input with centre-tapped inductor 
(ce) Input transformer withe-s shield. 


hence the resultant current in the loop 
is not zero. Thus there is a small 
receiver input when there should be 
none. This effect is equivalent to that 
obtained by coupling into the loop cir- 
cuit a small amount of the voltage from 
a nearby vertical aerial as this component 
is independent of loop orientation. Hence 
the figure-of-eight pattern is distorted 
as in Fig. 14-20, there being two zeros 
called non-opposite minima displaced 
from the correct zeros by a small angle. 
The presence of vertical effect can be 
observed by finding one zero and rotating 
the search coil through 180° and noting 
if another zero is obtained at that setting. 
If the zeros are not 180° apart, vertical 
effect is present and must be counter- 
acted. 

Vertical effect due to unbalance in the 
loop circuits is reduced by the use of a 
symmetrical loop circuit so that the 
two vertical arms have the same imped- 
ances to ground. The loop circuits may 
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be made symmetrical by employing a 
push-pull input stage in the receiver as 
shown in Fig. 14-21 (a) and (b). Fig. 
14-21 (c) shows another type of sym- 
metrical loop circuit that does not use 
a push-pull stage. 

Vertical effect due to unwanted capa- 
citive coupling of guy wires and masts 
as well as unbalance in the loop circuits 
may be accurately eliminated by provid- 
ing an additional voltage of opposite 
phase to cancel the unwanted voltage in 
the input circuit. By means of a small 
rotatable coil L (Fig. 14-22) coupled to 
L,; and Ls, a small amount of voltage 
from a vertical aerial is introduced into 
the loop circuit. The vertical aerial must 
not be at resonance but reactive so that 
its current is 90° out of phase with the 
field. The voltage induced in L; and Ly, 
is 90° ahead or behind the loop e.m4. 
depending on the orientation of L. 
During the first 180° of rotation of L 
the direction of its winding is the same 
as that of L, and Lz and during the other 
180° of rotation the direction of its 
winding is opposite. Thus the polarity 
and magnitude of the induced e.m.f. can 
be controlled by rotating L. Since the 
unbalanced voltage present due to ver- 


ut. 


Fia.14-22 Receiver input circuit to eliminate 
vertical effect, using a continuous control. 
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Fia.14-23 Grounded shield enclosing loop to 
reduce vertical effect. 


tical effect is 90° in phase ahead or 
behind the loop e.m.f., it may be can- 
celled by the proper orientation of L. 
The proper setting of L is that for which 
two zeros are obtained exactly 180° 
apart. 

Vertical effect due to unwanted capaci- 
tive coupling between the loop and 
nearby metallic objects is reduced by 
enclosing the turns of the loop in a 
grounded metal tube as in Fig. 14-23. 
The capacitance to ground of each verti- 
cal arm of the loop is equalized and 
made relatively independent of the loop 
position with respect to nearby metallic 
objects. The metal screen is prevented 
from acting as a loop aerial itself by 
having its two halves joined by an 
insulator at the middie of the upper 
horizontal arm. Hence no large circulat- 
ing current can flow in the screen due 
to the e.m.f. induced by the impinging 
radio waves. 

14.8 Errors in direction finding due 
to re-radiation. Indefinite and inaccurate 
zeros in d-f are also caused by re-radia- 
tion effects. 

Near a shipboard d-f aerial there are 
many metallic masts and stays. The 
many electromagnetic fields which reach 
the ship from other transmitters and 
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which are created by the ship’s own 
transmitters cause e.m.f.’s of various 
frequencies to be induced in these metal 
conductors. Hence currents at these 
frequencies flow and re-radiation occurs. 
In the vicinity of the d-f loops there is, 
therefore, a complex electromagnetic 
field. At the frequency of the radiation 
on which a bearing is being taken, there 
is therefore the direct wave from the 
transmitter together with the many 
waves, smaller in amplitude, from the 
re-radiating structures. The resultant 
wave at this frequency will in general 
have a direction somewhat different from 
that of the transmitter. Thus the bearing 
observed using the d-f loops will be 
in error. 

There are in general two kinds of ship 
re-radiators. The masts together with 
their stays and other vertical wires re- 
radiate as vertical aerials. The error 
caused by this re-radiation is known as 
semi-circular error. In addition there 
are loop re-radiators of which the most 
important is that made up by the two 
masts, the hull and the capacitance 
between the masts. This loop re-radiates 
as a loop aerial and since its component 
of re-radiation is about 90° different in 
phase from that radiated by the vertical 
wires, both radiation effects are different. 
The error produced in this case is called 
quadrantal error. 


A. Semi-Circular Error 


The resonant frequency of any of the 
vertical re-radiators is usually much 
lower than the frequency on which a 
bearing is being taken. Therefore these 
re-radiators are reactive so that their 
currents, and hence their radiations, are 
almost 90° out of phase with the e.m.f.’s - 
induced in them and with the incoming 
wave. The re-radiation is thus in 
quadrature with the incoming radiation. 
When the search coil is set for a zero 
with respect to the incoming radiation 
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Fia.14-24 Semi-circular error graphs to show 
(a) change of deviation with bearing (b) change 
of correction with bearing. 


only, the quadrature radiation still 
causes a resultant e.m.f. to be set up 
and a zero is not obtained. Instead the 
search coil must be rotated to a new 
position for a zero thus giving an incor- 
rect line-of-direction reading. 

The d-f loops are usually situated on 
the central fore-and-aft line of the ship. 
The main vertical re-radiators are the 
masts usually aft of the loops. The 
direction of the re-radiation due to the 
vertical conductors is thus along the 
same fore-and-aft line of the ship. When 
the bearing of the incoming wave is 0° 
or 180°, therefore, the resultant wave has 
the same bearing and is merely changed 
in amplitude, so that the bearing error 
or deviation is zero. When the incoming 
wave has bearings of 90° or 270°, and 
the search coil oriented for a zero, it is 
in a position such that a maximum is 
obtained with respect to the re-radiated 
field. Hence maximum error occurs at 
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these bearings. At intermediate bearings 
the error varies in magnitude between 
zero and the maximum. A graph of 
deviation against bearing is shown in 
Fig. 14-24 (a). Because the deviation 
changes sign after a half revolution of 
the bearing, this error is called semi- 
circular error. 

The direction of the re-radiation field 
is always the same and its magnitude 
relative to that of the incoming field is 
constant. This means that the error 
caused by this re-radiation is always the 
same for any given bearing. Hence a 
correction curve is plotted, Fig. 14-24 (b), 
showing the amount and kind of the 
correction to be added to the observed 
bearing in order to get the correct bear- 
ing. Whether the correction is positive 
or negative in the first half of the curve 
depends on the position of the loop in 
relation to the masts, the main vertical 
re-radiators. For example, with the loop 
forward of both masts, the re-radiation 
has a 180° bearing. Hence all observed 
bearings between 0° and 180° will be 
too large (Fig. 14-25) and the correction 
is negative in the first two quadrants. 
Similarly all observed bearings between 
180° and 360° are too small (Fig. 14-26) 
and require a positive correction. 

Accurate corrections for bearings in 
all directions are made by means of a 
correction curve. This curve is plotted 
from observations of line-of-sight bearings 
and d-f bearings of a known transmitter 
both taken at 5° intervals as the ship is . 
rotated through 360°. A correction curve 
of this kind is plotted when the ship is 
first fitted with d-f and at periodic 
intervals thereafter. 

If the re-radiators are not symmetri- 
cally situated with respect to the loops 
the two bearings having zero error are 
not 0° and 180° but some other pair of 
opposite bearings. A correction curve 
can still be made up however. 

The re-radiation has another effect 
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Fia.14-25 Sign of semi-circular correction for 
bearings between 0° and 180° with loop situated 
forward of both masts. 
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Fic.14-26 Sign of semi-circular correction for 
bearings between 180° and 360° with loop situated 
forward of both masts. 


besides that of causing zeros to be ob- 
served at incorrect bearings. The 
minima are also indefinite since the main 
re-radiation is in quadrature phase. Un- 
less this is compensated for the correction 
curve is of little value. Fig. 14-27 (a) 
shows a method of producing a sharp 
zero and Fig. 14-27 (b) illustrates the 
phase relationships between the voltages 
involved. A small amount of voltage 
from a vertical aerial is introduced into 
the loop circuit by means of the coupling 
between LZ and L,; and Ly. The vertical 
aerial must be operated so that it is not 
at its resonant frequency in order that 
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Fia.14-27 Circuit to produce sharp zeros (a) Diagram (b) Phase relationships between volt- 
ages involved. 
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the current in it be 90° out of phase with 
the incoming wave. Since the e.m-f.’s 
induced in L; and Lz» by this current 
lead it by 90°, the e.m.f.’s induced in 
LZ, and Lz are either in phase or out of 
phase with the wave. The unwanted 
e.m.f. set up in the loop by the re- 
radiation is 90° out of phase with the 
quadrature re-radiation and therefore in 
phase or out of phase with the incoming 
wave. Hence the correcting voltage is in 
phase or out of phase with the unwanted 
voltage so that if L is properly oriented 
relative to ZL, and Lz, the unwanted 
voltage is exactly cancelled by the cor- 
recting voltage. This correcting voltage 
is called a zero-cleaning e.m.f. This same 
voltage also acts to cancel vertical effect 
so that the same circuit eliminates both 
unwanted voltages to give a sharp zero. 
However, if the loop is rotated through 
180° for the other zero the correcting 
and unwanted voltages are in phase so 
that the other zero is more indefinite or 
blurred than before. One sharp zero 
serves, however, to give a sufficiently 
accurate line-of-direction reading. 

In most d-f systems, a switching 
arrangement is used so that one vertical 
aerial may be used both for sense 
determination and for balancing. For 
the sense determination the aerial must 
be operated at resonance so that the 
voltage introduced into the loop circuit 
is in phase with the loop voltage. For 
balancing, the aerial must be reactive 
in order that the voltage introduced into 
the loop circuit is 90° out of phase with 
the loop voltage and hence either in 
phase or 180° out of phase with the 
unwanted e.m-f. 


B. Quadrantal Error 


An additional re-radiation field is 
caused by the loop circuit composed of 
the two masts, the ship’s hull and the 
capacitance between the masts. This 
loop is in the fore-and-aft plane of the 
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F1a.14-28 Quadrantal error graphs (a) Bearing 
error curve (b) Bearing correction curve. 


ship so that its field induces no e.m.f. 
in the p-s loop but affects only the f-a 
loop of the Bellini-Tosi system. When 
the signal has a bearing of 0° or 180° 
this loop receives and re-radiates in the 
same line of direction so that no bearing 
error results. When the signal has a 
bearing of 90° or 270° the plane of the 
re-radiating loop is perpendicular to the 
incoming wave so that the e.m.f. induced 
in it is zero and there is no re-radiation. 
Hence the bearing error due to the effect 
of this loop is zero for these bearings 
also. The error is a maximum thus for 
bearings of 45°, 135°, 225° and 315°. 
A graph of the error against bearing is 
obtained using transmissions of known 
bearing and appears as in Fig. 14-28 (a). 
Since the error changes in each quadrant 
from zero to a maximum and back to 
zero it is called quadrantal error. It is. 
usually much larger than semi-circular 
error aboard ship. As in the case of 
semi-circular error a correction curve 
can be plotted, Fig. 14-28 (b), showing 
the number of degrees to be added at 
any observed bearing to give the correct 
bearing. 

The correction to be added may be 
plus or minus in the first quadrant 
depending on the position of the loop 
relative to the mast-hull loop. If the 
d-f loops are situated forward of the mast- 
hull loop the correction is positive in the 
first quadrant, as illustrated in Fig. 14- 


14:16 
Bearing of Bearing of 
quadrantal quadrantal 
re-radiation re-radiation } 
Observed Observed 
bearing bearing 
320° 


Bilon 
True 
bearing 


True 
D-f loops bearing 


correction correction 
a5 5° + 5° 


(d) (a) 
correction correction 
De By 
True True 
bearing bearing 
2259 iso 
Observed Observed 


bearing bearing 


Bearing of Bearing of 
re-radiation re-radiation 
(c) (b) 


Fic.14-29 Sign of quadrantal correction with 

loops forward of masts for bearings between (a) 
0° and 90° (b) 90° and 180° (c) 180° and 270° 
(d) 270° and 360°. 
29 (a). The correction is minus in the 
second quadrant, Fig. 14-29 (b); positive 
in the third, Fig. 14-29 (c), and negative 
in the fourth, Fig. 14-29 (d). To avoid 
the use of a correction curve the pointer 
is often attached to the shaft of the 
rotary search coil via a cam arrangement. 
The cam is shaped according to the 
correction curve so that the pointer 
always indicates the true bearing. 

The effect of quadrantal re-radiation is 
to produce a fore-and-aft component of 
radiation for any bearing except the 
cardinal bearings. The effect is counter- 
acted in low-frequency d-f systems by 
making the f-a loop smaller than the p-s 
loop so that the total e.m.f. induced in the 
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f-a loop by the direct field and the re- 
radiation field equals the e.m.f. induced 
in the p-s loop by the direct field alone. 
The two loop voltages are equal only at 
one frequency however. The size of the 
f-a loop is usually chosen to equalize 
these voltages at the lowest frequency 
in the range over which the d-f system 
is operated. 

In addition to the adjustment in loop 
size a circuit adjustment is often made. 
A variable inductance called a calibration 
choke or corrector is connected in parallel 
with the 0°-180° coil of the radio goni- 
ometer. The value of this inductance is 
adjusted until the current in the 0°-180° 
coil equals that in the 90°-270° coil. 
This adjustment is complete at only one 
frequency since the reactance of the 
choke varies with frequency. To facili- 
tate re-adjustment of this variable induc- 
tance it is provided with taps. The 
positions of the taps are determined 
during the initial calibration of the 
equipment, there being one tap for each 
frequency. In operation then the opera- 
tor merely switches to the correct tap 
for any given frequency. 

Quadrantal error may also be reduced 
at low frequencies by rigging a compen- 
sating re-radiation loop. The re-radiating 
loop formed by the hull and the two 
main masts is an open radiator since 
the circuit is completed by the small. 
capacitance between the masts (Fig. 
14-30). At low frequencies, such as those 
in the range 500 Ke/s to 1500 Ke/s, the 
resonant frequency of this loop is higher 
than any of these frequencies. Hence 
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this open loop, consisting of inductance, 
capacitance and resistance in series, is 
capacitive. The compensating loop 
consists of three horizontal wires strung 
several feet above the d-f loop between 
the masts. This closed loop has a 
resonant frequency much lower than the 
range of frequencies being received and 
is inductive. Hence the currents flowing 
in these two loops induced by the incom- 
ing wave are 180° out of phase. The 
re-radiated fields are therefore also 180° 
out of phase and tend to cancel each 
other. Thus the quadrantal error is 
reduced. A compensating loop is required 
on ships where the quadrantal error is 
undesirably large, for example, of the 
order: of 15° or more. 

When the d-f equipment is first cali- 
brated the correction curve obtained is a 
combination of the semi-circular and 
quadrantal correction curves since, in 
general, both effects are present. Such a 
combination curve is shown in Fig. 14-31. 
In such a case the deviation curve will 
have a similar shape. 

14.9 Practical examples of low- 
frequency d-f aerial circuits. 


A. Example 1 


Fig. 14-32 shows the aerial circuit of a 
low-frequency d-f set using the Bellini- 
Tosi system. The aerial (Fig. 14-33) is 
a pair of fixed loops mounted on the 
centre line of the ship. Each loop is 
circular, the f-a loop having a slightly 
smaller diameter than the p-s loop to 
reduce quadrantal effect. Also each loop 
consists of several turns of copper wire 
surrounded by a grounded shield of metal 
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tubing to reduce vertical effect. The 
shields are electrostatic shields only, 
since they are broken at the top by 
insulating joins. A long-wire vertical 
aerial is strung nearby to serve as a 
sense aerial. The fixed aerial loops are 
connected to the corresponding field coils 
of the goniometer which is similar to that 
shown in Fig. 14-14. In parallel with the 
f-a loop is the calibration choke Ls. The 
taps on L¢ are adjusted during the initial 
calibration and periodic checkups of the 
equipment to produce as small an error 
as possible on a bearing of 45°, at a 
frequency in the middle of the range of 
the equipment. The receiving powers of 
the two loops are equalized by this 
adjustment. The search coil is connected 
by means of slip rings and wire brushes 
to the search coil circuit. C is the basic 
fixed tuning capacitance and C, the 
variable tuning capacitance for the search 
coil circuit. C; is varied by means of 
the search tuning control on the front 
panel. C. is a trimmer capacitance used 
to align the search coil circuit so that 
the receiver tuned circuits and the search 
coil circuit are tuned to the same fre- 
quency when their dials show the same 
reading. C3 is one section of the receiver 
tuning capacitance. 

S; is the D-F—SeEnseE switch. In the 
d-f position the vertical aerial is dis- 
connected as a sense aerial so that a 
line-of-direction reading may be made. 
However the vertical aerial is still in the 
circuit to supply a balancing e.m.f. for 
eliminating the effects caused by circuit 
unbalance and quadrature re-radiation. 
It is connected to ground through Lz; 
and Ly, in parallel with L;. These 
inductances make the vertical aerial cir- 
cuit reactive so that the aerial current 
induces an e.m.f. into the search coil 
circuit of the correct phase (Section 14.7). 
This balancing e.m.f. is injected into the 
search coil circuit by the variable mutual 
inductive coupling between L;3, L4 and 
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Fic.14-32 Low-frequency d-f aerial circuit. 


L,, Ly. Ls; is adjusted during calibration 
or checkup to give an approximate 
balance and is called the loading induc- 
tance. The coupling between L;, L4 and 
I,, Lz is variable through 360° so that 
the polarity of the e.m.f. induced may 
be reversed and its amplitude controlled. 
This more accurate coupling control is 
adjusted by a knob on the front panel 
labelled Batance. When this knob is 
set at zero the coupling is zero. Rotation 
in one direction increases the amplitude 
of the coupled voltage with one polarity, 
and in the other direction increases 
the amplitude but with the opposite 
polarity. 

~ Inthe SENsE position of S;, the vertical 
aerial is connected to ground through R, 
and L;. R; is a swamping resistance the 
value of which is variable by means of 
taps. The value of R; is chosen to be 
large compared with the aerial reactance 
so that the vertical aerial is almost 
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Fiqg.14-33 Fixed-frame aerial used with circuit 
of Fig. 14-32. 


exactly resistive. Hence the aerial cur- 
rent is in phase with the field, this 
condition being required for sense deter- 
mination as discussed in section 14.4. 
The e.m.f. induced in the aerial is 
coupled into the search coil circuit by 
means of the mutual inductive coupling 
between L; and Ls. The amount of this 
coupling is adjusted so that the sense 
aerial input is sufficient to give a sharp 
zero for sense determination. The resul- 
tant search coil voltage is coupled to 
the receiver input by means of the 
mutual inductive coupling between Ly 
and Ly. 

The d-f receiver is usually a super- 
heterodyne receiver of high sensitivity. 
The r-f and i-f circuits are carefully | 
shielded so that no direct pick-up of 
signals occurs. Direct pick-up would 
not, in general, have the correct phase 
and would produce indistinct and dis- 
placed minima. 
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1. GENERAL PROCEDURE IN TAKING A 
L-F D-F Bearine Usinc THE AERIAL 
Circuit oF A. 

The following listed summary illus- 
trates normal procedure in operating the 
d-f equipment described in A. The ship 
should be held on a steady course while 
the bearing is being taken. 

(i) Switch on receiver. 

(ii) Place D-F—SENsE switch to sense 
for searching for and tuning in the 
signal of which the bearing is re- 
quired. Turn the C-w switch on 
during this step. Operate the main 
tuning and search tuning controls 

_at the same time. The main tuning 

is used first. Then adjust the search 
tuning for maximum signal. 
Switch off b.f.o. if m-c-w or r-t is 
being read. 

Switch to D-F. 

Set balance control to zero and begin 
taking bearings by rotating the 
search coil from 0° clockwise through 
a complete revolution. Two maxima 
and two minima are observed. Rotate 
search coil again and adjust its 
position to one of the minima, 
reducing the volume so that the 
minimum or zero can be readily 
distinguished. Adjust the balance 
control to give a clearly defined 
zero. Then increase the volume 
slightly and re-balance until the zero 
is more clearly defined. The zero 
should be present over not more 
than 1° of rotation. This accuracy 
gives what is known as a first class 
bearing. Take the reading of the 
pointer on the relative bearing scale. 
Turn the balance control to an equal 
reading on the opposite side of the 
zero reading on its dial and then 
rotate the search coil through 180° 
to read the bearing for the other zero. 
Switch to Sense. Rotate the search 
coil through 90° to obtain a new 
zero. The sense pointer now indi- 


(iii) 


(iv) 
(v) 


(vi) 
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cates the correct bearing of the two 
bearings obtained in step (v). 


B. Example 2 


Fig. 14-34 shows the circuit diagram 
of another d-f aerial circuit which uses 
some different devices. It can be operated 
over the same frequency range but 
is more flexible in its application. A 
photograph of the aerial is shown in 
Fig. 14-35. 

A Bellini-Tosi system is used, con- 
sisting of the two fixed loops, the field 
coils L; and Lz and the search coil L; 
similar to that of examble 1. Lg, in 
parallel with the f-a coil is the calibration 
choke adjusted as described in example 1. 
The switch S,, which has four positions, 
grounds the f-a loop when turned to 
position 2; when turned to position 3 
it grounds the p-s loop. By alternately 
grounding one loop and then the other, 
the two loop currents can be made equal 
for a given signal by the proper setting 
of the tapping point on Ly. The setting 
of the tap is controlled by a front panel 
adjustment for convenience. The correct 
setting for each frequency range is 
determined during calibration. For 
regular operation switch S; is used in 
position 4. 

The aerial switch S, is a four-position, 
three-pole switch. The positions are 
labelled Szarcu, Loops, Corrector and 
SeNsE on the front panels. Fig. 14-36 
and Fig. 14-37 show the circuit for each 
position. 

In the Srarcu position 1, Fig. 14-36 
(a), the vertical aerial is connected 
directly to the grid of the first r-f stage 
in the receiver through C,, Cs and C.. 
This directly-coupled vertical-aerial volt- 
age swamps the directional voltages of 
the loops and provides a large non- 
directional signal so that the receiver 
may be accurately tuned to the trans- 
mission whose bearing is required. The 
switch S; may be turned to its position 1 
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Fia.14-34 Another 1-f d-f aerial circuit. 


to ground both loops if necessary for this 
preliminary tuning. 

In the Loops position 2, Fig. 14-36 (b), 
the vertical aerial input voltage is 
grounded so that the only input to the 
receiver is from the two fixed loop 
aerials via the goniometer. The switch 
S; must be in position 4 so that both 
fixed loops are connected to the goni- 
ometer circuits. The line of direction of 
the transmitter is now found by rotation 
of the search coil. In this position of the 
aerial switch S2, and in positions 3 and 
4, Cs is connected to act as a padder 
capacitance and C, as a trimmer capaci- 
tance for the first r-f amplifier tuned 
circuit. 

Fig.14-35 Fixed-frame aerial used with circuit In the CorREcToR position 3, Fig. 
of Fig. 14-34. 14-36 (c), the vertical aerial is connected 
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Fig.14-36 Circuit for each position of switch 
S2 of Fig. 14-34 (a) Search position (b) Loops 
position (c) Corr. position (d) Sense position. 
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through C,, C3; and Ls to ground. The 
vertical aerial is made inductive by Le. 
A small amount of the voltage induced 
in the vertical aerial is coupled into the 
search coil circuit to act as a balancing 
voltage by the mutual inductive coupling 
between Ls and L,and L;. This coupling 
is variable so that the amplitude and 
polarity of the balancing voltage may be 
varied and is controlled from the front 
panel under the label Semi-CrrcuLaR 
Corrector. This control must be 
adjusted for each frequency and for each 
new bearing. The phase of the balancing 
voltage may also be varied over a small 
range by means of C3. This is a preset 
control and is adjusted for as small as 
possible resultant bearing deviation re- 
sulting from the use of the balancing 
e.m.f. 

In the SENsE position 4, Fig. 14-36 (d), 
the vertical aerial voltage is introduced 
to the search coil circuit by means of 
the valve V;. This method of coupling 
has the advantage of producing a more 
accurate phase difference of 0° or 180° 
between the vertical aerial voltage and 
the resultant loop voltage. The grid-leak 
resistance & swamps the reactance of the 
aerial to make it resistive. The current 
through V, which is in phase with the 
voltage across R is in phase with the aerial 
current and voltage and hence 90° out of 
phase with the resultant loop voltage. 
The load of V; is a pair of untuned in- 
ductances Ls and L7, so that the output 
voltage of V, is 90° out of phase with the 
valve current. Hence the output voltage 
of Vis either in phase or 180° out of phase 
with the resultant loop voltage. Hence 
when coupled into the search coil circuit 
it either adds to or subtracts from the 
resultant loop voltage to give the cardioid 
pattern of reception. This method of 
sense coupling makes the vertical aerial 
more nearly resistive since a very large 
value of swamping resistor R can be used 
compared to that in example 1. 

The capacitor C, at the input to V, 
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Fic.14-37 True and relative bearing scales on 
goniometer. 
is a 3-section differential capacitor used 
as a sense-voltage amplitude control. 
This capacitor provides two paths to 
ground for the aerial current, one 
through the grid-leak resistor R, and the 
other directly. The setting of C, thus 
controls the proportion of aerial current 
which flows in the grid-leak resistor R 
and hence the amplitude of the input 
voltage to V,; which is across R. Cy 
and R, provide cathode bias for V,. 

14.10 Position finding by d-f. The 
bearings normally required for naviga- 
tion purposes are the relative bearings 
but in position finding true bearings are 


Fig,14-38 Position finding by taking bearings 


on 3 transmitters of known positions. 
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required. The goniometer has two scales, 
one outside the other. The inner scale 
of the goniometer gives the relative 
bearing, that is, the bearing of the trans- 
mitter relative to the ship’s head. The 
bearing of the ship’s course relative to 
the compass North-South direction on 
the outer scale is set opposite the zero 
of the inner scale. The outer scale gives 
the true bearing. In Fig. 14-37, for 
example, the bearing of the ship’s course 
is 15° so the 15° mark on the outer scale 
is set opposite the 0° mark on the inner 
scale. Hence when the relative bearing 
of the transmitter is 60° the true bearing 
is read as 75° and is read on the outer 
scale. The true bearing scale is often 
electrically controlled by the ship’s 
compass. 

An example of the use of direction 
finders in position finding is shown in 
Fig. 14-38. The d-f operator on the 
ship X travelling north has taken bear- 
ings on three transmitters A, B and C 
which are land-based or ship transmitters, 
the positions of which are known. The 
true bearings of these transmitters as 
determined by the d-f operator are 270° 
for A, 330° for B and 45° for C. However 
it is necessary to find the bearing of the 
ship relative to each of the transmitters. 
In Fig. 14-39, if A has a bearing of 270° 
relative to X, then the bearing of X 
relative to A is 90°. Similarly the bearings 
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Fic.14-39 Diagram to illustrate relationship 
between relative bearing and reciprocal bearing. 
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of the ship relative to B and C are 150° 
and 225° respectively. These new bear- 
ings, called reczprocal bearings, are plotted 
on the navigation chart as in Fig. 14-38. 
They should theoretically intersect at a 
point which represents the ship’s position. 
In practice a small triangle called a 
cocked hat is obtained due to inaccuracy 
in the bearings obtained and the ship’s 
position is taken to be at the centre of 
this triangle. 

14.11 Polarization errors and other 
propagation effects. In sections 14.8 and 
14.9 three types of d-f errors which can 
be corrected by proper design of equip- 
ment, and by calibration, are considered. 
In addition to these errors, there are 
other errors, caused by natural phenom- 
ena, for which no correction is possible. 
These errors are sometimes so large and 
unpredictable as to render direction 
finding useless. It is necessary therefore 
that a d-f operator recognize when these 
errors are present or are likely to occur 
so that bearings obtained at these times 
are not relied upon. The effects causing 
these errors are 

(i) shore effect (refraction effect) 
(ii) reflection effect 
(ii) night effect 
(iv) aeroplane effect. 


A. Shore Effect 


A cause of error in d-f is the change in 
direction of radio waves when passing 
across a shore line. This change in 
direction gives rise to an error in the 
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Fia.14-41 Diagram to illustrate reason for 
change in direction at shore line. 


observed bearing of the transmitter as 
illustrated in Fig. 14-40. Were no bend- 
ing to take place the radio wave from 
the transmitter 7 would travel along 
the path JAS in reaching the ship S. 
Because of this refraction effect, how- 
ever, this wave is bent towards C and 
does not reach S. The wave which does 
reach S follows another path TBS. 
Hence the observed or apparent bearing 
of T is that of the direction BS, while 
the true bearing is the direction TAS 
The error is represented in magnitude 
by the angle TSB. 

This change in direction is analogous 
to the bending or refraction of light 
waves which occurs when light waves 
pass from one medium to a different 
medium. The refraction of light waves 
is explained by the existence of different 
velocities of light in different media. 
The refraction of radio waves is explained 
in a similar way by assuming a higher 
velocity over sea than over land. 

In Fig. 14-41, AB is the front of a 
radio wave whose direction over land is 
EF. If the velocity is greater over 
water, then, in the time required for the 
wave front at A to reach C, the wave 
front at B has travelled a greater distance 
to D. The new wave front CD is not 
parallel to 4B and has a new direction 
HK. The direction of bending is away 
from the normal to the boundary of the 
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Fia.14-42 Deviation caused by reflection effect. 


land and water. If the wave is travelling 
from water to land the bending is 
toward the normal. 

If the radio wave is travelling in a 
direction perpendicular to the coast, the 
wave fronts at A and B reach the coast 
at the same instant and no bending 
takes place. The amount of change in 
direction is greatest when the radio wave 
crosses the coast with a small angle 
between its path and the coast line. 

This error caused by shore effect is 
never apparent to the operator and ao 
correction can be applied. The error is 
avoided by locating land transmitters, 
which are to be used as d-f beacons by 
ships, as near the coast as possible. Then 
the path of the wave is almost entirely 
over water and little error occurs. Alter- 
natively the operator should avoid taking 
bearings on land transmitters which are 
not near the coast. 


B. Reflection Effect 


Unreliable bearings are also obtained 
when a ship is in the neighbourhood of 
large land masses. In Fig. 14-42 the 
radio waves from a transmitter 7 are 
reflected towards S by the land masses 
nearby. The resultant of these reflected 
waves and the direct ray has a bearing 
which differs from the correct bearing. 
These errors can not be corrected for 
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Fic.14-43 Sky wave approaching a loop aerial 
with its plane vertical. 


but the d-f operator must be aware of 
the possibility of their existence. 


C. Night Effect 


In considering the directional charac- 
teristics of a loop aerial, it is explained in 
earlier sections that when the loop is 
oriented with its plane perpendicular to 
the direction of propagation of a radio 
wave, the resultant loop e.m.f. is zero. 
This is true only if the wave is vertically 
polarized which is the case for a ground 
wave. Equal e.m.f.’s are induced in the 
vertical arms of the loop only acting in 
opposite directions around the loop and 
the loop e.m.f. is zero. The horizontal 
arms serve only to complete the loop 
circuit and to support the vertical arms. 
If a bearing is taken on a sky wave, how- 
ever, the wave front is not parallel to the 
plane of the loop. In general, therefore, 
a sky wave is partly horizontally polar- 
ized. Thus e.m.f.’s are induced in the 
horizontal arms when the loop is oriented 
with its plane perpendicular to the direc- 
tion of travel of the wave. Since the wave 
reaches the upper horizontal arm before 
the lower (Fig. 14-43) these two e.m.f.’s, 
although acting in opposite directions 
around the loop, do not cancel completely 
and there is a resultant loop e.m.f. 
However, with this orientation of the loop 
the resultant loop e.m.f. is expected to 
be zero. Hence an absolute minimum is 
not obtained. The orientation of the 
loop for which a minimum is obtained 
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Fia.14-44 Horizontal polar diagram of loop 
aerial for sky wave which is (a) horizontally 
polarized (b) vertically polarized. 


depends on: 
(i) the angle of incidence of the sky 
wave upon the loop 
(ii) the percentage of horizontal polar- 
ization 
Giii) the relative phases of the horizontal 
and vertical electric field components 
in the wave. 
If the sky wave were entirely hori- 
zontally polarized, the horizontal polar 
diagram of reception for the loop would 
be as shown in Fig. 14-44 (a). When the 
plane of the loop is parallel to the line of 
propagation the horizontal electric lines 
are perpendicular to both the horizontal 
and vertical arms of the loop, and there 
is zero resultant loop e.m.f. since no 
e.m.f.’s are induced in any of the arms. 
When the plane of the loop is perpendic- 
ular to the line of propagation, e.m.f.’s 
are induced in the horizontal arms with 
a maximum phase difference so that the 
resultant loop e.m.f. isa maximum. The 
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Fia.14-45 Polar diagram of loop aerial for sky 


wave with 30° angle of incidence, 50% horizontal 
polarization and no phase difference between 
horizontal and vertical electric field components. 


horizontal polar diagram of reception of 
a loop aerial for a completely vertically 
polarized wave is shown for comparison 
in Fig. 14-44 (b). 

Fig. 14-45 shows the polar diagram of 
reception obtained for a sky wave having 
an angle of incidence of 30°, 50% horizon- 
tal polarization and no phase difference 
between the horizontal and vertical 
electric field components. It is seen that 
the figure-of-eight pattern obtained is 
rotated from the patterns which are 
obtained frem vertically polarized or 
horizontally polarized waves only. The 
orientation of the loop for a minimum 
is thus widely different from the orienta- 
tion for a ground wave of the same 
bearing. Hence a large error in bearing 
is introduced. Since a sky wave is 
obtained by reflection of a direct wave 
from the ionosphere, the horizontal and 
vertical electric field components are 
usually also out of phase. Thus the 
minima, besides being displaced, are 
indistinct. Since this effect occurs mainly 
at night it is called night effect. It is most 
noticeable at the medium r-f frequencies 
and in the hours just preceding and 
succeeding sunset and dawn. At these 
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times the bearings obtained may be in 
error by as much as 30° or 40°. At other 
hours during the night the bearings 
obtained may have errors of only 3° to 5°. 
No correction can be applied to counter- 
act the error in bearing caused by night 
effect. However, it is essential that the 
operator be aware of its presence, that 
is, know the symptoms of night effect 
which include the following. 

(i) Indefinite minima 180° apart occur 
which are caused by an _ out-of- 
phase component of the wave. 

(ii) Sharp minima not 180° apart occur 
caused by the presence of a horizon- 
tal electric field component in phase 
with the vertical electric field com- 
ponent. In some cases the minima 
may be 180° apart but displaced 
from the position of the correct 
bearing. In these cases the presence 
of night effect is not noticeable as 
far as the unknown transmission is 
concerned and the bearings obtained 
may be in error by as much as 90° 
depending on the angle of incidence 
of the reflected ray. 

(iii) A combination of indefinite and dis- 
placed minima occurs. This is per- 
haps the most common symptom 
and may be identified by taking 
bearings on a transmitter of known 
bearing. 

(iv) In position finding the cocked hat 
may be very large or the three 
bearings when plotted may not 
intersect at all on the chart. 

(v) Fading of the signal strength occurs. 
If the receiving aerial is affected by 
both ground and sky wave trans- 
mission, the sky wave component 
varies due to changing refraction 
conditions at the ionized layer. 
Fading thus indicates that sky 
waves are being received and that 
night effect is possible. 

(vi) The amount of balancing voltage 
needed to clear the minima is 
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considerably larger than usual as 
indicated by a much larger amount 
of coupling than usual between the 
vertical aerial and the search coil 
circuit. 

(vii) The position of the search coil for 
a minimum continually changes in 
an erratic manner. This also is due 
to changing refraction conditions. 

In general any indication that sky 
waves are being received is an indication 
that night effect is present to some 
degree. Although no correction is pos- 
sible an experienced operator learns to 
recognize the symptoms of sky wave 
reception and of night effect, and knows 
to what extent the bearings obtained are 
reliable. With normal sky wave reception 
at angles up to 15° with the horizontal, 

a loop aerial gives bearings accurate to 

within 5° or so. 


D. Aeroplane Effect 


Another effect which shows the same 
symptoms as night effect and causes 
similar errors is called aeroplane effect. 
This is observed when an aircraft trans- 
mission is being received. Because of the 
height of the aircraft and the fact that 
the direct radiation from its aerial reaches 
the ground as a sky wave, the wave 
contains a horizontal electric field com- 
ponent and night effect occurs. The 
bearing observed changes rapidly as the 
aircraft moves. Errors up to 40° result 
and the sign of the error is reversed when 
the aircraft is flying in the opposite 
direction. If the aircraft has a trailing 
aerial, the d-f apparatus locates the 
plane behind its actual position by as 
much as 20°. It can be shown that the 
d-f bearing obtained is the bearing of the 
point at which the line of the trailing 
aerial cuts the ground level. 


E. Other Atmospheric Effects 


Another atmospheric error is caused 
by the scattering of radiation by dust 
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particles. This scattered radiation may 
reach the d-f apparatus from a widely 
different bearing than the direct radia- 
tion, and the resultant bearing will be 
in error. Fading of signal strength or 
erratic fluctuations in the zero position 
of the search coil are symptoms of this 
effect. The phase of the scattered radia- 
tion is in general different from that of 
the direct radiation when both are com- 
bined at the d-f system so that indistinct 
minima are also a symptom. 

14.12 High-frequency direction find- 
ing (h-f d-f) and the Adcock aerial. At 
high frequencies of the order of a few 
Mc/s or more the range of the ground 
wave is small. Reception and direction 
finding over greater ranges is by means 
of sky waves. The non-vertical polariza- 
tion of the sky waves causes such large 
errors in the bearings obtained using a 
closed loop that the closed loop aerial 
is useless in direction finding at these 
frequencies. These errors arise when the 
received wave contains a horizontal elec- 
tric field component. Since these errors 
are unpredictable and can not be cor- 
rected for, a modified loop aerial, called 
the Adcock aerial, is used to avoid these 
errors. It has been explained that in the 
normal loop aerial it is the e.m-f.’s 
induced in the horizontal arms by a sky 
wave with a horizontal component of 
polarization which cause the error. The 
Adcock aerial is designed so that it is 
not affected by a horizontally polarized 
wave by reducing the effective length of 
the horizontal arms to a minimum or 
balancing out of the circuit any e.m.f.’s 
induced in them. 

Fig. 14-46 shows the Adcock aerial in 
its simplest form, known as the Adcock 
U aerial. It consists of two vertical 
aerial arms connected at the bottom and 
inductively coupled to a receiver situated 
half-way between. Since the upper 
horizontal arm is omitted, the amount 
of e.m.f. induced by a horizontal electric 
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field component is considerably reduced 
and the error due to night effect is less 
than that obtained with the closed loop 
aerial. The Adcock aerial may be used 
in a Bellini-Tosi system particularly 
where waves of fixed frequencies are 
received over long periods of time. Two 
Adcock aerials are fixed at right angles 
and connected to a radio goniometer as 
in the case of the complete loop aerials. 
However rotating Adcock aerials are 
simpler to set up and operate on land. 

Closed loop aerials usually consist of 
a number of turns to increase the ampli- 
tude of the loop e.m.f. This is not 
possible with the Adcock aerial. Hence 
in order to obtain a large enough loop 
e.m.f. to operate the receiver, the two 
vertical arms must be longer and more 
widely spaced than in the case of the 
closed loop aerial. The spacing may be 
as great as at the upper end of the d-f 
station’s frequency range. Because the 
Adcock aerial must have large dimensions 
its use is confined to land d-f stations, 
where its use is almost universal. The 
polar diagram of reception for the Adcock 
aerial is a figure-of-eight, the same as 
for the ordinary closed loop. With the 
Adcock aerial, as with the closed loop, 
only the e.m.f.’s induced in the vertical 
arms are combined to give the resultant 
loop e.m.f.’s. Hence there is no difference 
in circuit action. 

The simple Adcock aerial shown in 
Fig. 14-46 eliminates the upper horizon- 
tal arm but still retains a lower horizontal 
arm made up of the two lead-in connec- 
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tions from the vertical arms to the 
radio goniometer and receiver. The 
amount of pick-up by these connections 
is reduced by enclosing them in a metal 
shield that is connected to ground (Fig. 
14-47). An aerial with this modification 
is called a shielded-U Adcock aerial. 
However, a disadvantage is that charges 
accumulate on the shield due to e.m.f.’s 
induced in it. The fields due to these 
charges couple the horizontal and vertical 
arms producing errors. To make the 
shielding more effective, particularly at 
higher frequencies, an artificial ground 
of higher conductivity is used consisting 
of a buried metal plate or wire network. 
A variation of the shielded-U is the 
buried- U Adcock aerial in which the 
horizontal section with its shield is 
buried to a depth of three feet or so. 

In other forms of the Adcock aerial a 
balancing arrangement is used to cancel 
out the voltages induced in the horizontal 
arms. Fig. 14-48 shows the elevated- 
H Adcock aerial. The vertical arms 
are broken at the centres and connected 
together through the coupling coil Z. 
Double lead-in wires have their connec- 
tions to L; reversed. The currents 7, 
and 72 induced in the horizontal sections 
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Fia.14-48 Elevated-H Adcock aerial. 
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leading from one aerial are equal in 
amplitude but flow through L; in oppo- 
site directions and so cancel. However, 
the currents due to the e.m-.f.’s induced 
in the vertical portions flow in the same 
direction through ZL; and so are coupled 
to the radio goniometer. The disadvan- 
tage of this type which gives a small 
error is that the radio goniometer and 
receiver must be located at some height 
above ground. If the receiver connec- 
tions and the horizontal arms are located 
near ground level, a second loop aerial, 
consisting of the ground, the lower 
vertical sections and the horizontal sec- 
tion, is formed. The presence of this 
loop of different electrical characteristics 
unbalances the desired loop circuit. 

Fig. 14-49 shows the balanced Adcock 
aerial which is similar to the H-type 
but has networks Z,; and Z, replacing 
the lower vertical arms. The upper 
parts of the vertical arms are as long as 
the two separate sections were in the 
H-type so that the receiver can be 
located at ground level. The impedances 
of Z; and Z, are adjusted for an accurate 
balance and hence cancellation of the 
currents in the two horizontal lead-ins 
from each vertical arm occurs. Fig. 
14-50 shows the coupled Adcock aerial. 
The degree of magnetic coupling in the 
transformers is chosen so the impedance 
of the horizontal arm circuit is high to 
all e.m.f.’s except those due to the vertical 
arms. The transformers are usually 
screened. Fig. 14-51 shows the balanced- 
coupled Adcock aerial which also permits 
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Fia.14-49 Balanced Adcock aerial. 
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Fic.14-50 Coupled Adcock aerial. 


a ground level receiver location. 

Fig. 14-52 shows the transmission-line 
Adcock aerial. The vertical aerial arms 
are coupled by means of matching trans- 
formers 7; and T, to the buried trans- 
mission lines leading to the receiver. 
The primaries of 7; and 7; are shunted 
by networks which are chosen to obtain 
equality of output from each aerial. 

The process of balancing an Adcock 
aerial may be accomplished by using a 
radiating oscillator located some distance 
away at such a height that its radiation 
reaches the aerial with a 45° angle of 
incidence. The lower portions of the two 
vertical arms which are adjustable in 
length are lengthened or shortened until 
the bearing of the oscillator obtained by 
the d-f apparatus equals the correct 
bearing. This balancing is usually car- 
ried out on a frequency at the middle of 
the frequency range of the d-f station. 

To compare the performance of dif- 
ferent types of d-f aerials a standard 
wave has been defined. This is a sky 
wave directed downward at an angle of 
45° to the horizontal. The vertical and 
horizontal components of the electric 
field are thus equal in magnitude and 
this condition produces maximum error 
in bearing. The error obtained when 
taking a bearing on the standard wave 
using any given aerial is the standard 
wave error of the aerial. The standard 
wave error for some of the types of 
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aerials already considered are: 
(i) complete loop aerial 
(ii) Adcock U aerial 
(ili) buried-U Adcock aerial 3° 
(iv) elevated-H Adcock aerial 4° 
(v) balanced Adcock aerial 6° 
(vi) coupled Adcock aerial 2° 
Although the Adcock aerial is equivalent 
to only a single-turn loop, the pick-up of 
an Adcock aerial, as with a loop aerial, 
increases as the frequency increases. 
Hence since the Adcock aerial is used 
only at higher frequencies where sky 
waves occur, the pick-up is sufficient to 
operate a receiver effectively. 

Adcock aerials are sometimes con- 
structed so as to be capable of rotation 
in the vertical plane through 90°. Thus 
the vertical arms may be placed in any 
position from a horizontal position to a 
vertical position. This construction 
allows the Adcock aerial to follow or 
track the radiation from an aircraft. 
Since the electric field of a wave from 
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Fic.14-52 Transmission-line Adcock aerial. 
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an aircraft is at an angle to the vertical, 
the vertical arms can be rotated so that 
they are parallel to the electric field. 
Under this condition maximum e.m.f. is 
induced in the vertical arms. 

14.13 Comparison of Adcock (open 
loop) and closed loop aerials. 

A comparison of Adcock and closed 
loop aerials is given in the table at the 
bottom of this page. 

14.14 The cathode-ray tube in direc- 
tion finding. The cathode-ray tube is 
used in some h-f d-f equipment as a 
visual bearing indicator. Two methods 
of using it are considered in this section. 
In the first method the c.r.t. is used as 
an electrostatic goniometer replacing the 
radio goniometer. In the second the 


c.r.t. is used as an automatic bearing 
indicator replacing the earphones, loud- 
speaker or output meter and the goni- 
ometer scale. 
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A. The C.r.t. as a Goniometer 

Fig. 14-53 illustrates in principle the 
way in which the c.r.t. is connected to 
replace the goniometer. The p-s loop of 
the fixed-frame aerial system is connected 
to the horizontal-deflection plates or 
X-plates of the c.r.t. and the f-a loop 
to the vertical-deflection plates or Y- 
plates. Thus any alternating voltage 
induced in the p-s loop causes a horizon- 
tal trace on the c.r.t. screen while any 
alternating voltage induced in the f-a 
loop causes a vertical trace. When 
alternating voltages are induced in both 
loops simultaneously the trace has an 
intermediate position on the screen, 
depending on the relative amplitudes of 
the voltages. These amplitudes in turn 
depend on the bearing of the signal 
being received. 

If a signal arrives with a bearing of 0° 
or 180° an alternating voltage is induced 


Comparison of Closed Loop and Adcock Aerials 


Criosep Loop AERIAL 


Apcock AERIAL 


. Accurate only when receiving ver- 
tically polarized waves. Standard 
wave error 35° 


Fairly accurate for waves with any 
polarization angle except the case in 
which the electric field is perpendicu- 
lar to the dipoles 


. Accurate for waves at an angle of less 
than 5-10° relative to the horizontal 


Accurate for waves at angles up to 60° 
relative to the horizontal 


3. Accurate only for a range of 100 to 
200 miles, which is the ground wave 
range 


Range unlimited 


. Loop pick-up large due to the use 
of many turns 


Adcock aerial pick-up equivalent to 
that of a single-turn loop 


. Useful only at low and medium r-f 
frequencies at which sky waves do 
not normally occur 


May be used at high frequencies, 
(38-30 Me/s), as well as at lower 
frequencies 


. Dimensions readily made small and 
so is used aboard ship 


Large dimensions restrict its use to 
fixed shore stations 


. The errors not variable for any given 
frequency since its use is restricted 
to ground waves. Hence errors can 
be corrected for 


Variable errors in general since it is 
used with sky waves and no complete 
correction can be applied 
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Fia.14-53 Simple method of connecting c.r.t. 
as a goniometer. 


in the f-a loop but not in the p-s loop. 
Hence the trace is a vertical straight 
line, Fig. 14-54 (a), its length depending 
on the field strength of the radio wave. 
Similarly a signal with a bearing of 90° 
or 270° causes a trace which is a horizon- 
tal straight line, Fig. 14-54 (b). 

If the signal has an intermediate 
bearing the straight line trace is neither 
vertical nor horizontal but in between. 
Consider a signal with a bearing of 45°. 
The alternating voltages induced in the 
two loops are equal in amplitude and in 
phase. Hence the resultant trace is a 
straight line which makes an angle of 
45° in a clockwise direction with the 
position of a vertical trace, Fig. 14-54 (c). 
If the signal bearing is 225° the voltages 
induced in the loops, although both 
reversed in phase, are still in phase with 
each other and equal in amplitude and 
the trace is again a straight line making 
an angle of 45° with the position of a 
vertical trace. Hence the straight line 
trace shown in Fig. 14-54 (c) is obtained 
for signal bearings of 45° or 225°. Thus 
a 180° ambiguity exists in the bearing 
pointed out by the trace on a scale 
arranged around the face of the tube. 
The scale reads from 0° to 360° as in 


0° 


3 
Ss 


270° 


180° 


(a) (b) 


180° 


180° 


(c) (d) 


180° 


Fic.14-54 Position of trace on c.r.t. used as a 
goniometer for signal with bearing of (a) 0° or 
are (b) 90° or 270° (c) 45° or 225° (d) 135° or 
the same diagram and so indicates the 
relative bearing of the signal. 

If the bearing of the signal is 135° 
or 315°, the phase of the alternating 
voltage induced in the p-s loop is 180° 
different from its phase for signal bear- 
ings of 45° or 225°. Hence for either a 
135° or 315° bearing the trace is a 
straight line making an angle of 45° 
in a counterclockwise direction from the 
position of a vertical trace, Fig. 14-54 (d). 

To determine the correct bearing of 
the two bearings indicated, that is, the 
sense of the bearing, the voltage induced 
in a vertical aerial is connected to the 
control grid of the cr.t. A simple 
method of connection is shown in Fig. 
14-55. The vertical aerial must be 
resistive or at resonance so that the 
current through the coupling coil Z is in 
phase with the voltage induced in the 
aerial and hence 90° out of phase with 
the loop voltages. The voltage applied 
to the control grid as a result of the 
coupling is 90° out of phase with the 
current in L and so is either in phase or 
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Fia.14-55 Simple method of connecting vertical 
aerial to c.r.t. to give sense indication. 


180° out of phase with the loop voltages. 
The grid bias is such that the a-c 
voltage applied to it, via a limiter, leaves 
the trace bright during the positive 
half cycle but blacks it out during the 
negative half cycle. Hence only one half 
of the trace is visible when the sense 
aerial is connected to the c.r.t. and only 
one bearing is thus indicated. The 
connections of the coil Z to the circuit 
are made during calibration on signals 
of known bearing so that the visible half 
of the trace indicates the correct bearing 
or the sense of the signal. Fig. 14-56 
illustrates the action for a signal with a 
bearing of 0°. The voltage applied to 
the c.r.t. Y-plates, Fig. 14-56 (a), pro- 
duces a vertical deflection of the electron 
beam, Fig. 14-56 (b). The output 
voltage of the vertical aerial should be 
in phase, Fig. 14-56 (c). The resultant 
trace is shown in Fig. 14-56 (e). 

The simple circuits of Figs. 14-53 
and 14-55 are not practical because the 
amplitudes of the voltages induced in the 
loop and vertical aerials are too small 
to produce any noticeable deflection of 
the c.r.t. electron beam. In a practical 
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Voltage applied to C.r.t. 


Fia.14-56 Diagrams to illustrate action of 
circuit of Fig. 14-55 for a signal with 0° bearing 
(a) Voltage applied to c.r.t. Y-plates (b) Trace 
due to this voltage (c) Output voltage of vertical 
aerial (d) Grid voltage (e) Resultant trace on c.r.t. 


circuit amplifiers must be inserted be- 
tween the aerials and the c.r.t. A block 
diagram of such a circuit is shown in 
Fig. 14-57. Two superheterodyne re- 
ceivers are used to amplify the aerial 
voltages, one for each loop aerial. Since 
the relative amplitudes and phases of 
the aerial voltages must not be changed 
before application to the e.r.t., each 
receiver must possess exactly equal gain 
and phase shift. The method by which - 
this condition is achieved and maintained 
is discussed in a later paragraph under 
balancing procedure. The i-f outputs of 
the receivers are applied to the respective 
plates of the c.r.t. In addition the com- 
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Fic.14-57 Block diagram of practical circuit using c.r.t. as a goniometer. 


bimed i-f output of the receivers is 
connected to a second detector and the 
a-f output from this is connected to 
earphones or loudspeaker so that the 
signal message may be received or the 
identity of the transmitting station 
revealed. The section marked a-f monitor 
contains the second detector, a-f amplifier 
and phones or speaker. The sense aerial 
signal is amplified by first one receiver 
and then the other, the procedure being 
explained in a later paragraph. 

The i-f output of the receiver amplify- 
ing the sense aerial signal is not applied 
directly to the control grid of the c.r.t. 
but is applied first to a rectifier circuit 
such as a diode limiter (Fig. 14-58). 
On the positive half cycle of sense aerial 
voltage the diode V conducts and the 
coupling capacitor C charges quickly 
through the low impedance of the diode. 
Hence only a small voltage appears across 
the grid-leak resistance R which is in 
parallel with V, and the c.r.t. grid 


voltage remains constant and slightly 
positive with respect to ground during 
the positive half cycle. The fixed grid 
bias is adjusted so that during this half 
cycle of sense aerial voltage the trace is 
brightly visible. On the negative half 
cycle of the sense aerial voltage the diode 
does not conduct and the capacitor C 
discharges through A causing a large 
voltage of the opposite polarity across R 
so that the control grid is sufficiently 
negative with respect to its cathode to 
make the trace invisible. 


I-f from 
sense aerzal 
receiver 


fos 4 


Fiq.14-58 Circuit of diode limiter used in 
block diagram of Fig. 14-57. 
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Fic.14-59 Sense trace on c.r.t. for (a) forward 
semi-circle of bearings (b) aft semi-circle of 
bearings. 


This action is also explained in terms 
of relative impedances. On the positive 
half cycle of sense aerial voltage the 
diode conducts and its impedance for 
i-f voltages is low compared to the 
impedance of C. Hence most of the 
input appears across C and very little 
across FR, so that the control grid voltage 
does not change with respect to its 
cathode. On the negative half cycle the 
diode is non-conducting and its imped- 
ance is very high compared to the 
impedance of C. In addition the resis- 
tance of FR is chosen so as to be large 
compared with the impedance of C. 
Hence most of the input negative half 
cycle of voltage appears across R and a 
large negative voltage pulse is thus 
applied to the control grid. 

For sense determination there are two 
steps. In the first step the switch shown 
in Fig. 14-57 is turned to the f-a sense 
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Fia.14-60 Sense trace on c.r.t. for (a) star- 
board semi-circle of bearings (b) port semi-circle 
of bearings. 


position. The p-s receiver is disconnected 
from the p-s loop and connected instead 
to the sense aerial to serve as a sense 
signal receiver. The f-a receiver remains 
connected to the f-a loop. There is no 
voltage applied to the X-plates of the 
e.r.t. and so the resultant trace is a 
straight line, one half of it being removed 
by the diode limiter, the action of which 
is explained above. For the forward 
semi-circle of bearings the sense and loop 
signals are arranged to be in phase so 
that the brilliance control grid is positive 
and the trace visible while it travels 
along the upper half of its sweep. When 
the beam travels along the lower half 
however the grid is negative enough to 
extinguish the trace. For the aft semi- 
circle the signals are in phase opposition 
and thus the trace is visible in the lower 
half of its path only. These conditions 
are illustrated in Fig. 14-59 (a) and (b). 
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Fia.14-61 Sense traces for bearing in the first 
quadrant. 


When the p-s sense position of the 
switch is used the f-a receiver is dis- 
connected from the f-a loop and connected 
to the sense aerial. The p-s receiver 
remains connected to the p-s loop. Thus 
there is no voltage applied to the Y- 
plates of the c.r.t. and the trace is a 
horizontal straight line. For the star- 
board semi-circle of bearings the right 
hand half of the trace is visible while for 
the port semi-circle of bearings the left 
hand half of the trace is visible, Fig. 
14-60 (a) and (b). 

Usually both sense positions of the 
switch are used in rapid succession. The 
two half traces obtained enclose the 
quadrant in which the correct bearing 
lies (Fig. 14-61). 


B. Procedure for Balancing the Loop and 
Sense Aerial Receivers 


As previously pointed out the relative 
amplitudes and phases of the loop and 
sense aerial voltages must not be dis- 
turbed by the receivers. For example, 
if the signal bearing is 45° and the p-s 
receiver has a greater gain than the f-a 
receiver, the straight line trace produced 
on the screen will indicate a bearing 
greater than 45°. Also if one receiver 
shifts the phase of its input by a different 
amount than the other because of a 
difference in tuning, then the receiver 
outputs will be out of phase. In such a 
case the trace is not a straight line but 
an ellipse which is of little use in accurate 


14:35 


bearing determination. Thus the total 
gain and total phase-shift (tuning) of 
the two loop receivers must be made 
exactly equal. These requirements are 
most easily satisfied if each stage of one 
receiver is matched for gain and phase- 
shift to the corresponding stage in the 
other. In addition the frequency- 
response characteristics of both receivers 
must be matched so that the match 
would be preserved for frequencies near 
the frequency tuned in. 

To provide equal inputs to both re- 
ceivers for the balancing procedure the 
output from a built-in test oscillator i¢ 
connected to the input grids of both 
receivers by means of a switch. This 
oscillator automatically provides a con- 
tinuous r-f signal at the frequency to 
which the receivers are tuned. Comparic 
son of the stages is carried out by means 
of a number of metal links which when 
closed connect the signal grids of the 
corresponding stages. These links, called 
comparator switches, thus provide a com- 
mon input to the two stages being 
matched. Hence if each corresponding 
pair of stages is compared starting from 
the output ends of the receivers the result 
will be a complete matching of the 
receivers. The phase-shifts of two stages 
are equalized by adjusting the tuning of 
their tuned circuits. Indication that this 
condition is reached is given by the pro- 
duction of a straight line trace of maxi- 
mum length on the c.r.t. screen. The 
gains of two stages are equalized by 
adjusting the cathode bias of each. This 
balance condition is indicated by a 45° 
position of the straight line trace on the 
screen. 

The exact balancing of the receivers is 
of little avail, however, if the two loop 
aerials and their circuits are unbalanced. 
In order to check their balance the test 
oscillator output is connected by another 
position of the same switch to the test 
aerial loop. This test loop is a small 
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Fiag.14-62 Loop aerial system with test loop. 


screened loop placed inside the two loop 
aerials and at 45° to each of them (Fig. 
14-62). This signal is fed at the same 
time to the sense aerial. Thus for test 
purposes this artificial signal imitates at 
the loop and sense aerial the electro- 
magnetic field of an incoming radio wave 
having a 45° bearing. The phase-shift 
and output voltage magnitude of each 
loop aerial is adjusted until the trace on 
the screen is a straight line indicating a 
45° bearing on the relative bearing scale 
around the face of the screen. 

For each position of the sense switch 
adjustments are made in the sense circuit 
preceding the c.r.t. in order that the 
trace obtained is a straight line either 
vertical or horizontal and of minimum 
length. Since the i-f output which is 
applied to the sense circuit is constant 
in frequency regardless of what frequency 
is being received, the sense circuit 
adjustments can be pre-set and need 
only be checked once in a while. 


FUNDAMENTALS OF RADIO 


C-r d-f is normally used at high 
frequencies for reasons given below under 
C. The aerial is mounted atop the mast 
with a counterpoise beneath to avoid 
re-radiation effects. A certain amount of 
error due to re-radiation is present and is 
corrected for from a calibration chart 
as in the case of the radio goniometer 
direction finder. C.r.t. radio goniometers 
are commonly used in conjunction with 
Adcock aerials in land installations as 
well as aboard ships. 


C. Advantages of Use of Cathode-Ray 
Tube in Direction Finders 


The advantage of a visual indicator 
over an aural indicator lies in the fact 
that a very brief signal, that is one of 
short duration, causes a trace on the 
c.r.t. screen of longer duration than the 
sound in a speaker due to the persistence 
of the screen. In the aural indicator such 
a brief signal would not be of any use 
since the search coil could not be moved 
quickly enough for a minimum. In 
addition when signal interference such 
as the reception of a signal of neigh- 
bouring frequency, atmospheric noise or 
fading is present, a visual reading is seen 
more readily than a minimum is heard 
in the aural type. Finally there is less 
chance for human error in the use of 
the c.r.t. With the aural type error 
arises in tio places, first in finding a 
minimum and second in reading the 
scale. With the visual type only the 
latter error occurs. 


D. The C.7r.t. as an Automatic Bearing 
Indicator 


In the second type of use of the c.r.t. 
in direction finding, the c.r.t. is used as 
an automatic bearing indicator device 
replacing the earphones or speaker of the 
aural type. A block diagram of a d-f 
system using an electromagnetic c.r.t. 
as an automatic bearing indicator is 
shown in Fig. 14-63. The two fixed 
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aerial loops are connected to the respec- 
tive fixed coils of the radio goniometer. 
The output of the search coil is applied 
to the input of a superheterodyne 
receiver as in any ordinary Bellini-Tosi 
system. The sense voltage is pre-amplified 
before being combined with the amplified 
loop voltage in a mixer stage. The 
output of this mixer stage is applied to 
the second detector to produce the i-f 
which is amplified. There are two second 
if amplifiers and two second detectors. 
The a-f output of one detector operates 
the earphones or speaker so that the 
message may be received or the trans- 
mitter identified. The i-f output of the 
other second detector is filtered of both 
i-f and a-f and amplified by a d-c 
amplifier which gives a negative d-c 
output voltage. This voltage, the ampli- 
tude of which depends on the amplitude 
of the input to the i-f stage, is applied 
to the control grid of a power amplifier. 
The anode current of this stage flows 
through the deflection coils of the c.r.t. 

The equipment operates as an auto- 
matic response curve tracer, continually 
plotting the response of the search coil 
circuit to radio waves reaching the 
aerials. That is, it plots on the c.r.t. 
screen propeller-shaped and unilateral 
polar diagrams. The action is as follows. 

When no signal is being received, the 
bias on the power amplifier is adjusted 
so that its anode current which flows 
through the deflection coils of the c.r.t. 
causes a field of such intensity that the 
spot on the screen is deflected to the 
outside edge of the screen. The search 
coil and deflection coils are rotated by 
the same motor at the same speed. 
Hence for zero signal the anode current 
of the power amplifier remains constant 
and the spot moves around the edge of 
the screen at the speed of the motor 
producing a glowing circular trace. If 
any signal is received from the search 
coil circuit, the negative d-c voltage 
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Fic.14-64 Trace produced on c.r.t. automatic 
bearing indicator for signal with O° bearing 
(sense aerial not connected). 


applied to the power amplifier grid in- 
creases and its anode current decreases. 
Hence the magnetic field which controls 
the electron beam position is reduced 
and the glowing spot is deflected inward 
toward the centre of the screen by an 
amount which is proportional to the 
magnitude of the signal. 

In Fig. 14-64 the solid line illustrates 
the trace produced as the search coil is 
rotated through 360° for a signal with 
0° bearing. The dotted line indicates the 
change in the output of the search coil 
circuit. When the search coil output is 
zero, the deflection coil current is a 
maximum and adjusted so that the glow- 
ing spot appears at the outside of the 
screen on the zero-signal trace. As the 
search coil is rotated its output voltage 
increases to a maximum. At the same 
time the deflection coil current is reduced 
toa minimum and the glowing spot moves 
progressively to the centre of the circle. 
The movement of the spot for the other 
270° of rotation of the search coil (and 
the deflection coils) is shown. The result- 
ing curve traced by the glowing spot is 
a propeller-shaped figure which is the 
reciprocal of the search coil response 
curve and points along the line of direc- 
tion of the signal. 
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Goniometer polar diagram 
for combination of loop 
Indicator pattern ane sense aerials 


340° 


Fic.14-65 Trace produced with sense aerial 
connected. 


The sense pattern is obtained by 
combining the sense and search coil 
voltages. The dotted line in Fig. 14-65 
shows the variation in response of the 
search coil and sense aerial circuits while 
the solid line indicates the pattern pro- 
duced by the glowing spot if the p-a 
current were still connected to the bear- 
ing deflection coils. The output of the 
sense aerial is slightly smaller than that 
which would completely cancelthe search 
coil voltage so that a small lobe is 
produced opposite the large lobe as 
shown by the dotted lines. Hence there 
are two minima present as the search coil 
is rotated through 360° which are not 
180° apart. For the bearing of each 
minimum of the search coil output, the 
glowing spot appears at the outside of 
the screen. In any event a unilateral 
pattern is produced. This orientation 
of the pattern is not convenient for sense 
determination because this sense pattern 
indicates a bearing displaced from the 
true bearing by 90° while it ought to 
indicate one of the two bearings already 
indicated by the propeller pattern of 
Fig. 14-64. In practice this is overcome 
when switching to sense by arranging 
the circuit so that the p-a current is 
disconnected from the bearing deflection 
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Fi1q.14-66 Trace produced when sense pattern 
has desired orientation. 


coils and connected to a pair of sense 
deflection coils which are placed around 
the tube 90° away from the other coils, 
but rotate at the same speed. The pat- 
tern then obtained is the same as that of 
Fig. 14-65 in shape but is rotated 90° 
away. Fig. 14-66 shows the sense pattern 
(dotted) compared to the d-f pattern 
(solid). The connections are arranged 
so that the sense pattern lies on the side 
of the screen opposite to the half of the 
d-f pattern which indicates the true 
bearing. 

This type of c.r. d-f has the advantage 
over the one previously described in that 
only one receiver is necessary and hence 
no difficult balancing procedure is 
required. 

14.15 Direction finding by directional 
transmission. The position of a ship or 
aircraft may be found using directional 
transmission. If a transmitter 7’ of 
known position sends a known signal in 
only one known direction (Fig. 14-67) 
then the reception of this signal indicates 
that the receiver R lies along the direc- 
tion of transmission. This principle is 
the basis of the following systems of 
direction finding by means of directional 
transmission. 

(i) Revolving radio beacons 
(ii) The radio range 
(iii) Blind-landing devices. 
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Fic.14-67 Direction finding using directional 
transmission. 


A. Revolving Radio Beacons 


In one system of this type the trans- 
mitter has a radiation pattern consisting 
of a figure-of-eight which is caused to 
rotate continuously through 360° about 
the position of the transmitter, with a 
pause of known duration before the next 
revolution. Suppose the rate of rotation 
is once per minute. At any instant there 


Directions of 
zero signal 


(a) 


Directions of 
zero signal 


Ze 


(0) 


Fic.14-68 Radiation pattern of revolving radio 
beacon (a) at one instant (b) 15 seconds later. 
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Fig.14-69 Position of radiation pattern when 
receiver receives zero signal. 


is zero radiation along two directions 
180° apart, Fig. 14-68 (a). Fifteen 
seconds later the directions along which 
there is zero radiation are 90° away, 
Fig. 14-68 (b), and so on. The system is 
set up so that the beam begins a 360° 
rotation with zero radiation along two 
known directions, north and south for 
example, as in Fig. 14-69. A given signal 
such as the Morse equivalent of the 
letter N is sent during the revolution. 
When the operator of a receiver hears 
this characteristic signal begin, he starts 
a stop watch. After a time x seconds 
depending on his location he hears zero 
signal. Since the rate of rotation of the 
beam is 6° per second the bearing of the 
receiver must be 62° or 62°+180° 
Enough is usually known of the probable 
direction of the transmitter to remove 
the 180° ambiguity. If the receiver is 
along the initial direction of zero signal 
the operator could not hear the signal 
at the beginning of the revolution. To 
avoid this difficulty a second signal, say 
the Morse equivalent of the letter A, is 
sent out when the direction for zero 
signal is east and west. 


B. The Radio Range 


The radio range is used to indicate a 
predetermined path which aircraft may 
follow at night or under conditions of 
poor visibility. The on course condition 
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is indicated by means of aural signals or 
visual instrument indications. A radio 
range transmitter aerial usually consists 
of two crossed loops A and B, Fig. 14-78 
(a). Each loop is separately energized to 
radiate a characteristic signal. For 
example, one sends the Morse equivalent 
of the letter A (. -) and the other that 
for N (- -). The directional patterns are 
also crossed, Fig. 14-70 (a). The aerials 
are phased so that the dit of the letter A 
occurs between the dah and dit of the 
letter N, that is, the signals chosen are 
interlocking. Along any one of the four 
directions shaded in on the diagram, an 
aircraft receives the two signals with 
equal intensity so that a continuous dah 
of sound is heard in speaker or head- 
phones. If the aircraft is to either side 
of these directions, either the signal A 
or the signal N predominates. The air- 
craft is altered in course until the con- 
tinuous dah is heard. Now the aircraft 
can follow the course, shaded in the 
diagram, to the landing field situated 
at the centre. 

By varying the angle between the 
loops or the relative amplitudes of the 
loop currents, the directions of the courses 
shaded in can be varied, Fig. 14-70 (b), 
(c) and (d). These directions are called 
equisignal directions or zones, and each 
usually has a width of a few degrees. A 
goniometer arrangement may be used to 
shift these zones without changing the 
physical orientation of the loops. 

Another form of radio range gives a 
visual indication on the instrument panel 
of the on course condition. In this 
system the two loops each radiate carrier 
waves of the same frequencies but modu- 
lated at differing audio frequencies. For 
example, the modulation frequency of 
one may be 65 c/s and of the other 85 c/s. 
If the aerial currents have the same 
amplitude and the degree of modulation 
is the same equisignal zones are pro- 
duced. If the aircraft is flying in one 
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Fic.14-70 Equisignal zones in a radio range. 


of these zones, the detected voltages 
resulting from the reception of the two 
modulated carrier waves have the same 
amplitudes. Each detected low-frequency 
voltage is applied to a separate metal 
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F1g.14-71 Directional pattern for a blind- 
landing radio device. 


reed situated behind one of the dials of 
the instrument panel. Each reed vi- 
brates mechanically at the respective 
modulating frequency, one being con- 
structed to have a mechanical resonant 
vibration frequency of 65 c/s and the 
other 85 c/s. When the voltage ampli- 
tudes are equal the amplitudes of vibra- 
tion are also equal. If the tips of the 
reeds are painted white and the dial 
black, two white lines of equal length 
are observed. If the aircraft goes off 
course, one line becomes longer since one 
voltage will have greater amplitude than 
the other. The aircraft can therefore 
make the proper change in direction to 
get back on course. 


C. Blind-Landing Devices 


There are a number of radio devices 
to enable an aircraft to make a landing 
under conditions of poor visibility such 
as in a fog or at night. One device uses 
two or more portable transmitters sta- 
tioned at varying distances from the 
field along the desired direction of land- 
ing. The aircraft obtains by wireless 
from the control tower of the landing 
field the direction in which to approach 
the field so as to pass over these trans- 
mitters, called marker beacons, and also 
the distance of each beacon from the 
field. As the aircraft approaches the 
characteristic signal of each beacon is 
received in turn. The aircraft then makes 
the correct changes in altitude and speed 
in order to land safely. 
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Fiq.14-72 Distribution of current along a 


vertical aerial. 


In another system an u-h-f radio bea- 
con is used, with its direction of trans- 
mission aimed upwards at a small angle 
with the ground. The aircraft then flies 
down this beam by changing altitude so 
as to obtain constant intensity of the 
output of its receiver. The intensity 
and angle of radiation are designed so 
that if the aircraft maintains this condi- 
tion it follows the path shown in Fig. 
14-71. 

14.16 Applied mathematics. 


A. Effective Height of a Simple Vertical 
d 
‘i Aerial 


Fig. 14-72 shows the distribution of the 
standing wave of current along a simple 


d 
vertical — aerial of length J. The radia- 


4 
tion from this aerial varies from point 
to point along the aerial because of the 
unequal distribution of current. The 
radiation is greatest at the lower end 
where the current amplitude is greatest 
and equal to J, and least at the upper 
end. It can be shown that the average 


value of the current amplitude is —. 
alg 


2 
Hence an aerial with a length of — xl 
us 


and a uniform current of amplitude J 
gives the same total radiation as the 
aerial shown of length J. 


wena 
The expression 7; 38 called the effective 


height of the aerial. It represents the 
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length of the vertical aerial which pro- 
duces the same field intensity at some 
given position away from the aerial as 
is produced by the aerial shown in Fig. 
14-72, but carrying a uniform current of 
amplitude equal to the maximum ampli- 
tude of current in the aerial of Fig. 14- 
72. Since mw is approximately 3, the 
effective height of a simple quarter- 
wave vertical aerial is about 2 of its 
actual length. 

This relationship is also true for re- 
ceiving aerials. The e.m.f. induced in an 
aerial is the product of its effective height 
and the field strength of the wave. Thus 
if the field strength at a quarter-wave 
vertical aerial of height h meters is x 
volts per meter the e.m.f. induced in 
the aerial is 
2h  2xh 
Pea ae 
The effective height of a simple vertical 
aerial, it is noted from this relation, is 
independent of the frequency of the 
radio wave. 


aX volts. 


B. Effective Height of a Simple Loop 
Aerial 


It can be shown that the amplitude 
of the resultant e.m.f. set up in a rectan- 
gular loop, the plane of which is vertical, 
by an incident vertically polarized radio 
wave is given by the following equation. 


6 
E, = 2EhN sin eo) (1) 


where E, = amplitude of the resultant 
loop e.m.f. in volts 

E = field strength of radio wave 
in volts per metre 

h = height of loop, that is the 
length of each vertical arm, 
in metres ‘ 

d = width of loop, that is the 
distance between the verti- 
cal arms in metres 

N = number of turns in the loop, 
= wavelength of radio wave 
in metres 


> 
| 
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and 6 = angle between the plane of 
the loop and the direction 
of travel of the radio wave. 
In practical loops the width is small 
compared with a half wavelength so that 
sin md cos 6 ‘ ma cos 6 
7ST ais ema vubenvaritien 46 ono ee 
oN nN 
without appreciable error. Hence the 
equation (1) becomes, 
E 2EhNxD cos 6 
IF She wakiaae ae 
_ 2aN hd cos 6 
aN 


But hd is the area A of the loop in sq. 
metres so that the equation may be 
written as, 


XE 


2 6 
oe nA es <E (2) 


The expression for E, has a maximum 
value when cos @ = 1, that is, when 
6 = 0° or the plane of the loop is parallel 
to the direction of travel of the radio 


wave. The maximum value of £,, 

denoted by Ez maz, is then given by 
NA 

E, mar ar = XE (3) 


Since the expression when mul- 


nN 

tiplied by E, the field strength of the 
wave, gives the maximum amplitude of 
the resultant loop e.m-f., it is called the 
maximum effective herght or effective height 
of the loop aerial and is expressed in 


v : 
metres. Because \ a5 where v is the 


velocity of the wave in metres per second 
and f is the frequency in cycles per second, 


the effective height of a loop aerial. is 
2rfAN 


equal to in metres. For a single 


turn loop N = 1 and the effective height 
in metres is then eae 
20. 

, (4) 
It is noted that the effective height of a 
loop aerial depends directly on the fre- 
quency of the radio wave. Thus the 


haz = 
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pick-up of a loop aerial increases with 
frequency. This is because the width d 
of the loop is increasing towards becom- 
ing a half wavelength. 


C. Comparison of the Effective Heights of 
a Loop Aerial and a Vertical Quarter- 
Wave Aerial 

If the effective height of the single- 
turn loop aerial is denoted by hz, and 
that of the vertical quarter-wave aerial 
(of height h) by hy then, 

Effective height of loop aerial Ay 
Effective height of vertical aerial hy 
Substituting for hz and hy, 


hy _ 2nfdh/v 
hy Qh/ 3 
Seerfdh 
Ba Ss ay} 
rf 


v 
At a frequency of 500 Ke/s, and with a 
loop of width 1 metre, this ratio becomes, 
hy _ 7 X500X10?X1 
hy © 3x 108 
.016 
1 
60 


Thus a loop aerial of one turn has only = 


as much e.m.f. induced in it as a vertical 
quarter-wave aerial of the same physical 
height. The loop aerial e.m.f. is increased 


14.17 Questions and problems. 


1. Explain, using diagrams, how the 
simple loop aerial is used in direction 
finding. 


2. Explain why the loop emf. is a 
maximum when the width of the loop 
is equal to a half wavelength. 


3. Explain the 90° phase difference 
between the resultant loop e.m-4f. 
and the incident radio wave. 
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by using more than one turn. For 
example a 6-turn loop is 60 m as 
effective as the vertical aerial. Thus it 
is necessary when loop aerials are used 
that the receiver be very sensitive, par- 
ticularly at lower frequencies. 
D. Effective Height of the Adcock Aerial 

The effective height of the Adcock 
aerial is given by 
2rls cos 0 

ON 


where | = length of vertical arms in 
metres 


Retr = 


s = spacing of vertical arms in 
metres 
\ = wavelength in metres 
6 = angle between plane of aerial 
and the direction of propa- 
gation of the wave in degrees. 
If E is the amplitude of the wave field 
strength at the aerial in volts, then the 
resultant output voltage of the loop in 
volts is equal to EH Xeffective height. 
This quantity is a maximum when 
cos 6 = 1 or @ = 0°, that is when the 
plane of the aerial is along the wave 
direction. Thus the maximum amplitude 
of the aerial’s output voltage is 


27rA 
E ee volts 


where A = 1s, that is, the area of the 
loop in sq. metres. 


4. Why is there a 180° ambiguity in the 
apparent direction of the trans- 
mitter when using the loop aerial? 


5. Why is the position of the loop for 
zero or minimum loop e.m.f. used 
rather than the position for maxi- 
mum loop e.m.f.? Draw a diagram 
to aid the explanation. 


10. 


Et. 


12. 


13. 


14. 


15. 


16. 
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How is the use of the loop affected 
if the incident radio wave is not 
vertically polarized? 


When is it necessary to determine 
the sense of a bearing and when is it 
not necessary to do so? 


. Why must there be a 90° phase shift 


when coupling the sense aerial volt- 
age into the loop voltage circuit? 


. Explain the changes which take 


place in the combined sense and loop 
aerial voltage as the loop aerial is 
rotated through 360°. Draw and 
describe the shape of the resultant 
polar diagram of reception. 


Show how the polar diagrams of 
reception for a vertical aerial and a 
loop aerial are combined to give the 
polar diagram for the combination. 


Why is the combination of sense and 
loop aerials not used to read a bear- 
ing accurately? What does the 
combination determine? 


Explain the fact that a zero obtained 
using the combination finds the loop 
aerial in a position 90° different from 
that when a zero is obtained with 
the loop alone. 


What are the disadvantages of a 

rotating loop aerial? 

Explain the arrangement and com- 

ponents of a Bellini-Tosi aerial 

system. 

What are the advantages of the 

Bellini-Tosi system? 

Explain the action of a Bellini-Tosi 

aerial system if a signal is received 

from a bearing of 0°. 

Explain the action for signals having 
° ro) ° 

the following bearings: 90°, 180", 

210°, 45, -185°,..50°. 

List the errors which arise in direction 

finding. 
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What causes the error known as 
vertical effect? 


Describe aerial circuit arrangements 
which help to eliminate vertical effect. 


Why is the metal shield often used 
about the aerial divided and joined 
by an insulator? 


Explain how errors are caused by 
re-radiation. 


Describe how the parts of a ship act 
as re-radiators. Describe the two 
kinds of re-radiators which exist. 


Explain why the error caused by 
re-radiation from vertical radiators 
is called semi-circular error. 


Why can errors due to re-radiation 
not be eliminated? 


Explain how semi-circular error is 
corrected for. 


Why does re-radiation blur the zeros? 


Explain how the poor definition of 
the zeros is eliminated. 


How can the one vertical aerial be 
used both for sense determination 
and for producing definite zeros? 


Explain clearly the phase relation- 

ships which must exist 

(a) when the vertical aerial is used 
for sense determination 

(b) when it is used as a source of 
balancing voltage. 

Explain why the error caused by 

re-radiation from loop radiators is 

called quadrantal error. 

How is quadrantal error reduced by 

(a) changes in size of the loop aerial 

(b) use of a calibration choke? 

Explain the construction and opera- 

tion of a compensating loop. 

Why is it not possible to have two 

correction curves, one for semi- 

circular error and one for quadrantal 

error? 
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What is the shape of the single 
correction chart? 


Under what circumstances would 
the single correction curve look like 
the theoretical correction curve for 
either semi-circular or quadrantal 
error? 


Explain the arrangement and action 
of the aerial circuit shown in Fig. 
14-32, mentioning each circuit com- 
ponent. 


Give an explanation corresponding 
to that of question 37 for the circuit 
shown in Fig. 14-34. 


Describe the advantages in the use 
of the circuit of Fig. 14-34 over that 
of Fig. 14-32. 


List the steps required in the direc- 
tion finding procedure using the aerial 
circuit of Fig. 14-34. 


Explain how the position of a ship 
or aircraft is determined by radio 
providing the locations of two or 
more transmitters which can be 
received are known. 


Explain how the position of an un- 
located transmitter is determined by 
radio by two or more ships whose 
positions are known. 


Explain how the goniometer scales 
are arranged to give either relative 
or true bearing readings. 


What is meant by the term cocked 
hat in d-f? 


Name and describe briefly three 
errors which are called atmospheric 
errors. 


(a) Describe how each of the errors 
listed under question 45 are 
recognized. 


(b) What action should be taken by 
the d-f operator when these 
errors are present? 
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Explain how night effect causes 
errors in d-f. 


(a) Describe the symptoms of night 
effect. 

(b) When does this effect cause the 
greatest errors? 


Why is the simple loop aerial not 
useful for high-frequency d-f? 


Explain how an Adcock aerial can 
be used for high-frequency d-f. 


Why must an Adcock aerial have 
larger dimensions than a simple loop 
aerial? 


How does a shielded-U Adcock aerial 


differ from a simple Adcock U aerial 
in construction and advantages? 


Explain the construction, advantage 
and disadvantage of the elevated-H 
Adcock aerial. 


How is the disadvantage of the 
elevated-H Adcock aerial overcome 
in the balanced Adcock aerial? 


Explain how a balanced-coupled 
Adcock aerial is balanced. 


What is meant by the term standard 
wave error as applied to aerials? 


Compare the standard wave errors 
of a simple loop aerial and some of 
the Adcock aerials. 

Make a table to compare the Adcock 
aerial and the simple loop aerial with 
respect to 

(a) accuracy for ground waves and 
sky waves 

range 

pick-up or sensitivity 
dimensions 

usefulness. 


(b) 
(c) 
(d) 
(e) 
Explain how a e.r.t. is used as a 
goniometer. 


Explain what kind of. traces are 
produced by signals of various bear- 
ings. 
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Describe how sense is determined 
when the c.r.t. is used as a goni- 
ometer. 

(a) Explain the difficulties which 
arise in amplifying the aerial 
voltages before they are applied 
to the c.r.t. 

(b) How are they overcome? 

Draw and label a block diagram of a 

practical direction finder using a 

c.r.t. as the goniometer. 

Explain the action of the diode 

limiter in Fig. 14-58. 

Describe the receiver balancing pro- 

cedure for the direction finder de- 

scribed in the answer to question 63. 

Describe the advantages of the use 

of a c.r.t. as a goniometer. 

Explain how a c.r.t. is used as an 

automatic bearing indicating device 

in conjunction with a Bellini-Tosi 
aerial system. 

Draw a block diagram of a direction 

finder which uses the c.r.t. as an 

automatic bearing indicator. 

Describe the trace on the c.r.t. 

obtained when the search coil is 

rotated through 360° 

(a) without the sense aerial con- 
nected 

(b) with the sense aerial connected. 

What is the advantage in using the 

c.r.t. as an automatic bearing indi- 

cator rather than as a goniometer? 

Explain how direction finding can be 

carried out by directional trans- 

mission. 

Describe the direction finding pro- 

cedure with a revolving radio beacon. 

Explain the way in which a radio 

range is used to guide aircraft. 

Describe the operation of a radio 

blind-landing system. 

Derive the formula for the effective 

height of a loop aerial having N 

turns, explaining the units normally 

used. 
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Use the formula of question 75 to 
find the voltage induced in a loop 
aerial given the following informa- 
tion: 


width of loop aerial = 1.25 metres 
height of loop aerial = 1.25 metres 
fieldstrength of wave = 10 volts 
per metre 
number of turns 
in loop = 8 
frequency of wave = 300 Ke/s. 


Find the loop e.m.f. when its plane 
(a) is parallel to the plane of wave 
direction 

is perpendicular to the plane of 
wave direction 

makes an angle of 5° with the 
plane of wave direction 

makes an angle of 10° with the 
plane of wave direction 

makes an angle of 85° with the 
plane of wave direction 

makes an angle of 80° with the 
plane of wave direction. 


(b) 
(c) 
(d) 
(e) 
(f) 


What conclusions are derived from 
a comparison of the results of ques- 
tion 76? 


The dimensions of a loop aerial are 
to be 75 em. by 75 em. How many 
turns are required to give a loop 
e.m.f. of 1.4 microvolts maximum 
amplitude if the-field strength of the 
wave is 30 microvolts per metre and 
its frequency is 1 Mc/s? 

Repeat question 76 (a) for an Adcock 
aerial of the same dimensions. Com- 
pare the results with that obtained 
from question 76 (a). 


Find the maximum amplitude of the 
e.m.f. induced in a vertical quarter- 
wave aerial under the conditions of 
question 76, and having a length 
equal to the height of the loop aerial 
of question 76. 


Compare the results obtained from 
questions 76, 79 and 80. 
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CHAPTER XV 


PULSE CIRCUITS 


The term pulse circuits refers here to a 
wide range of circuits used in radar and 
television equipments. These eircuits 
differ widely from conventional oscilla- 
tors, amplifiers, rectifiers and detectors 
used in radio communications equipment 
in which the waveform of the operating 
voltage is usually sinusoidal or a simple 
combination of sinusoidal waves. Some 
circuits are used to develop square, saw- 
tooth, trapezoidal and peaked waves of 
voltage which are required in timing, in- 
dicating and modulating circuits of radar 
equipment. The operating conditions of 
the valves in most cases range from cut- 
off to saturation during each cycle and 
do not fall into the simple classification 
of Class A, B and C operation. The 
circuits therefore are named for the 
function they perform rather than thcir 
type of operation. A circuit which limits 
the value to which a voltage may rise or 
fall is called a limiter. Two main classes 
of circuits which are ineluded in this 
definition are treated under the sub- 
headings of clipping circuits and clamp- 
ing circuits. 

15.1 Clipping Circuits. A clipping cir- 
cuit is one which limits the amplitude of 
a voltage by the removal of part of the 
waveform. Either the positive or nega- 
tive extreme, or even both, may be 
limited. Several types of clipping cir- 
cuits are described in the following para- 
graphs. The input to each circuit has a 
sinusoidal waveform but the operation 
is similar for any shape of a-c input 
waveform. 

A. Series-Diode Clipping 

The circuit of Fig. 15-1 is used to clip 

off the negative half of the input wave- 


form. The voltage to be limited is applied 
to a diode valve in series with a resistor 
Rk. The output voltage is developed 
across the resistor. During the positive 
half cycle of applied voltage the anode . 
of the diode is made positive with respect 
to its cathode. The valve therefore 
conducts causing electrons to flow from 
ground through R and from cathode to 
anode in the valve. This electron flow 
develops a p.d. across R. The input 
voltage divides between R and V in the 
ratio of their resistances. The resistance 
of V is usually a few hundred ohms when 
conducting while the resistance of R may 
be several thousand ohms. Hence the 
output voltage developed across R has 
the same waveform as the positive half 
cycle of applied voltage and an amplitude 
almost as great. 

During the negative half cycle of the 
input voltage, the anode of the valve is 
driven negative with respect to its 
cathode. Tne valve does not conduct 
during this time, but acts as an open 
circuit or an infinite impedance. Since 
no current flows through R, there is no 
voltage developed across it during this 


Fic.15-1 Negative-clipping circuit with a series 
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Fiq.15-2 Positive-clipping circuit with a series 
diode. 


time. Consequently the negative half 
of the waveform is clipped off by the 
limiter. Hence, the output voltage is a 
series of positive pulses as in Fig. 15-1. 

The positive half instead of the nega- 
tive half of the input voltage may be 
clipped off by using the circuit shown in 
Fig. 15-2. In this circuit the diode valve 
has been inverted. It conducts during 
the negative half cycle of applied voltage 
when the cathode is made negative with 
respect to the anode. Electron flow from 
cathode to anode, through R, develops 
the output voltage across R. During the 
positive half cycle of input voltage the 
cathode is positive with respect to the 
anode. No current flows during this 
time and there is no voltage developed 
across R until the negative half cycle 
recurs. The output voltage consists of a 
series of negative pulses as in Fig. 15-2. 


B. Parallel-Diode Clipping 


The clipping effect of a diode may also 
be utilized by connecting the output 
circuit in parallel with the diode as in 
Fig. 15-3. As before the resistance of R 
must be large in comparison with that 
of V when the latter is conducting. In 
addition the impedance of a load circuit 
connected across the output must be 
large in comparison with the resistance 
of V and the resistance of R. During 
the positive half cycle of input the anode 
of the valve is made positive with respect 


to its cathode. The valve conducts and 
the current flowing through it develops 
a p.d. across R almost as large as the 
applied voltage. The remaining small 
voltage across the diode is applied to the 
output circuit. When the input voltage 
becomes negative, the valve stops con- 
ducting and acts as an open circuit. The 
input voltage divides across R and the 
load circuit in the ratio of their imped- 
ances. Since the impedance of the load 
circuit is large in comparison with the 
resistance of R, most of the input voltage 
appears across the load circuit. The 
output waveform is shown in Fig. 15-3. 
The positive half cycles are square and 
of very small amplitude. The negative 
half cycles of large amplitude have the 
shape of the negative half input cycles. 

By reversing the connections to the 
diode (Fig. 15-4) the valve is made to 
conduct during the negative half cycle 
of input and presents a low impedance 
in parallel with the load at this time. 
During the positive half of the imput 
cycle, the valve does not conduct and 
presents an infinite impedance in parallel 
with the load circuit. The output wave- 
form (Fig. 15-4) is the same as that for 
Fig. 15-3 except that it is inverted. 

With this parallel type of circuit the 
output voltage across the valve is limited 
to such a small value on the half cycles 
when the diode conducts that the clipper 
may be considered to limit the output 
voltage to zero during one half of the 
input cycle. 


C. Biased-Diode Clipping 


It is sometimes required to limit a 
given voltage to a definite positive or 
negative value. Fig. 15-5 shows a biased 
diode that may be used to accomplish 
this. In this example a sinusoidal voltage 
of 10 volts amplitude is limited to 6 volts 
amplitude in the positive direction in 
the output. A bias battery of 6 volts 
maintains the cathode of the valve 6 
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Fic.15-3 Positive-clipping circuit with a 
parallel diode. 


volts positive to ground and to the anode 
in the absence of a signal. On the positive 
half cycle of the input the diode does 
not conduct until the input rises above 
6 volts. As long as the input is less than 
6V there is no voltage drop across R and 
the output is the same as the input. As 
the input voltage increases above 6YV, 
the anode becomes positive to the cathode 
and the valve conducts and becomes a 
very low impedance. Any increase in 
input voltage in excess of 6 volts is de- 
veloped across R so that the output on 
the positive half cycle is limited to 
6 volts, the voltage of the bias battery. 
On the negative half cycle of the input, 
the valve does not conduct and no p.d. 
is developed across R. The output wave- 
form therefore follows the input during 
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Fic.15-4 Negative-clipping circuit with a 
parallel diode. 


this part of the cycle. Thus, the output 
voltage (Fig.15-5) has a flat-topped posi- 
tive half cycle of 6 volts amplitude and a 
negative half cycle of the same wave 
shape and amplitude as the input. In- 
creasing the bias decreases the width of 
the flat-topped portion of the wave. If 
it is desired to limit the amplitude of the 
output voltage in the negative direction, 
the diode and battery connections are 
reversed (Fig. 15-6). On the positive 
half cycles of the input the diode does 
not conduct and the output waveform 
is the same as the input. On the negative 
half cycles the output waveform is the 
same as the input until the input ex- 
ceeds —6V. When the input goes more 
negative than 6V the diode conducts and 
the negative clipping results. 


Fic.15-6 Negative clipping witha biased diode. 
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Fic.15-7 Positive and negative clipping with 
biased diodes. 


Both the positive and negative ex- 
tremes may be limited by the use of two 
biased diodes (Fig. 15-7). Vi and R 
operate in the manner just described to 
limit the positive output voltage to that 
of the bias battery. V2 and R operate 
on the negative half of the input cycle, 
limiting the output voltage to the p.d. 
of E,. The output (Fig. 15-7) consists 
of alternate positive and negative half 
cycles with flat top waveforms. Such a 
circuit may be used to produce a sub- 
stantially square wave from a sine wave. 

Another type of parallel-diode limit- 
ing is illustrated by the circuit of Fig. 
15-8. It is similar in appearance to the 
limiter of Fig. 15-5 but the bias battery 
has been reversed making the cathode 
negative with respect to ground and the 
anode. When the p.d. between the input 
terminals is zero, the vaive conducts and 
the p.d. across R is almost equal to the 
bias voltage since the impedance of the 
conducting diode is very small com- 
pared to that of R. Hence the output 
voltage equals —6 volts. As the input 
voltage increases in the positive direc- 
tion, the valve conducts more heavily 
and the increase in the voltage across R 
is practically equal to the increase in 
the input voltage. Hence the output 
voltage remains the same, that is —6V, 
as the input voltage increases in the 
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Fic.15-8 Voltage limiting with a biased diode. 


negative direction. The valve continues 
to conduct as long as the input is not 
more negative than —6V and the output 
voltage remains the same at —6V. When 
the input voltage exceeds 6 volts in the 
negative direction, however, the anode of 
the valve becomes negative to the 
cathode. The valve stops conducting 
and the voltage across R disappears. 
The remainder of the negative peak of 
the input waveform in excess of 6 volts 
is therefore applied to the output ter- 
minals. Such a circuit is used to pass 
only the negative extreme of input volt- 
age to the succeeding stage. The output 
is a varying negative voltage the nega- 
tive pulses being of short duration com- 
pared to the time between pulses. 

By connecting a suitable coupling 
capacitor and resistor in series across the 
output terminals an a-c output voltage is 
obtained (Fig. 15-9). The positive part 
is nearly zero so that the output is a 
series of negative pulses. If positive 
pulses are required, both the valve and 
the bias battery are reversed as shown 
in Fig. 15-10. 


D. Grid Clipping 


The positive portion of an alternating 
voltage waveform may be clipped off by 
means of the grid-current limiter shown in 
Fig. 15-11. The input voltage is applied 
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Fic.15-9 Limiting circuit used to produce 
negative pulses. 


through a large series resistor R, to the 
grid of the valve. The cathode is con- 
nected to ground so that there is no 
bias. The load resistor R, and battery 
complete the anode circuit. 

The grid-cathode circuit of the triode 
operates in a manner similar to the anode- 
cathode circuit of the diode limiters. 
When the input voltage becomes posi- 
tive, the grid attracts electrons from the 
cathode causing grid current to flow 
through R;.. R: is made large in com- 
parison with the grid-cathode resistance 
of the valve, so that most of the input 
voltage is developed across R;. The 
actual grid voltage is limited to a small 
positive value. When the input voltage is 
negative no grid current flows and all the 
input voltage appears between grid and 
cathode, no voltage appearing across A. 


Fig.15-11 Grid-clipping circuit. 
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Fia.15-10 Limiting circuit used to produce 
positive pulses. 


During the positive half cycle of input, 
the anode current is large and remains 
at a steady value since the grid has a 
small steady positive potential. There 
is a large p.d. across Rz so that the anode 
potential has a low steady value. When 
the input voltage becomes negative the 
grid potential follows the variations of 
input voltage. The current through the 
valve decreases, causing a rise in the 
anode potential. A sine wave of voltage 
in the input ordinarily produces a series 
of amplified half sine waves at the anode 
of the valve ‘as shown in the diagram pro- 
vided that the input does not drive the 
grid below cut-off. 

The limiting action of the grid circuit 
may be delayed by biasing the grid 
negatively (Fig. 15-12) with respect to 
the cathode. This may be accomplished 


Fia.15-12 Biased grid-clipping circuit. 
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Fig.15-13 Saturation limiting circuit. 


by a negative bias battery E,, connected 
in the grid circuit or by a cathode re- 
sistor and by-pass capacitor to maintain 
the cathode positive to ground. The 
input voltage on the positive half cycle 
must first overcome the bias voltage and 
drive the grid positive before clipping 
takes place. Thus the width of the flat 
portion of the grid voltage and output 
voltage waveforms is considerably less 
than half a cycle. 


E. Saturation Limiting 


If the grid limiting resistor and bias 
battery of the previous circuit are omitted 
as shown in Fig. 15-13, limiting of the 
positive half of the input cycle may re- 
sult due to anode current saturation. As 
the grid is driven positive, the current 
through the valve increases and the p.d. 
across the load resistor R increases. The 
anode potential of the valve therefore 
decreases. In order that anode current 
may flow the anode voltage must never 
fall to zero and thus the maximum volt- 
age across R must always be less than 
the supply voltage H. Hence, the maxi- 
mum anode current J must always be 
less than a value determined by 


where EH = p.d. of the supply battery 
R = resistance of the load. 

If R has a large value, the maximum 

current need not be large to cause anode 
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Fie.15-14 Cut-off limiting circuit. 


current saturation. The saturation condi- 
tion can exist without having all of the 
electrons emitted by the cathode attrac- 
ted to the anode. This condition may be 
produced by making the grid only a few 
volts positive to the cathode in a small 
valve. Any further increase in grid 
voltage during the positive half of the 
input cycle does not produce any further 
change in the anode current and hence 
in the output voltage. A larger amplitude 
of output waveform is possible with this 
circuit than with the grid limiter since 
the grid is driven more positive and the 
anode potential falls to a lower value. 
The circuit requires a larger driving 
power to maintain the grid positive dur- 
ing part of each cycle. Also the imped- 
ance of the driving source must be low 
to prevent grid clipping. 


F. Cut-Off Limiting 


Limiting of the amplitude on the nega- 
tive half of the input cycle may also be 
accomplished with the circuit of Fig. 
15-14. This is most likely to occur when 
the grid is biased negatively with respect 
to the cathode, or when a large signal is 
applied to the grid. If the input voltage 
drives the grid to cut-off, the p.d. across 
the load resistor falls to zero and the 
anode potential rises to the value of the 
supply voltage. Any increase in negative 
voltage on the grid does not produce any 
further change in anode current. Conse- 
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quently a waveform with a flat positive 
top on each cycle is produced at the 
anode. 


G. Overdriven Amplifier 


An overdriven amplifier is a circuit 
which is used to produce a square wave 
output from a sine wave input. It com- 
bines the operational characteristics of 
the anode-current-saturation limiter and 
the cut-off limiter previously described. 
A large input signal is applied to the 
grid of a small valve which has a large 
load resistance R connected in its anode 
circuit (Fig. 15-15). The valve may be 
unbiased if an unsymmetrical output is 
allowable. If equal limiting on positive 
and negative half cycles is required, the 
grid is biased midway between the poten- 
tials which produce anode current satura- 
tion and anode current cut-off. 

On the positive half cycle of input volt- 
age, the grid is quickly driven to the 
anode current saturation point. The 
valve conducts heavily and a large p.d. 
is developed across the load resistor. 
During the time of saturation the anode 
voltage is low and almost constant. On 
the negative half cycle of the input volt- 
age, the grid is rapidly driven beyond 
cut-off. The anode potential rises to the 
supply voltage and remains at that value 
until the grid is returned above cut-off. 

Successful operation of this circuit 
requires a driving source with low output 
impedance to drive the grid positive 
each cycle. The waveform produced at 
the anode is practically square as shown 
in the diagram. 


15.2 Clamping circuits. A clamping 
circuit is one which holds either ampli- 
tude extreme of an a-c voltage to a 
definite level of potential without dis- 
torting the a-c waveform. In this respect 
it differs from a clipping circuit which 
removes a part of the waveform. The 
clamping circuit operates by changing 
the d-c component of the voltage wave- 
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Fia.15-15 Clipping circuit using an overdriven 
amplifier. 


form and is therefore also known as a 
d-c restorer. 

Before proceeding to the description 
of actuai clamping circuits, it is neces- 
sary to analyse in some detail the opera- 
tion of a resistance-capacitance coupling 
network. Such a network is shown in 
Fig. 15-16 coupling together two triode 
amplifiers V; and V2. The voltage used 
in this consideration is a square wave, 
one of the waveforms associated with 
clamping circuits. This square wave is 
applied to the grid of V; producing the 
square wave of voltage at the anode as 
shown in the diagram. During the square- 
wave cycle a, b, c, d, e, the anode poten- 
tial of Vi undergoes the following 
changes. The anode voltage of V, re- 
mains steady at a minimum value of 
20 volts from a to b, a period of 35 
microseconds. It then rises abruptly to 
100 volts at c and remains steady for 
the next 5 microseconds from c¢ to d. 
At d the anode voltage falls to 20 volts 
at e and remains constant again during 
the first part of the next cycle. 

The coupling capacitor C and the grid- 
leak resistor R are chosen to have a time 
constant which is large in comparison 
with the 40 microsecond period of the 
cycle. Also, the reactance of C must be 
small in comparison with the resistance 
of R at the fundamental frequency, 25 
Ke/s, and harmonic frequencies which 
are included in the rectangular wave- 
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Fic.15-16 R-C coupling of square-wave voltage. 


form. Under these conditions R and C 
may be considered to form an ideal 
coupling network between V, and V2. 
When the anode voltage of Vj, is 
steady at 20 volts at b the capacitor is 
charged to 20 volts plus an additional 
10 volts due to the more positive portion 
of the preceding cycle. At this time the 
voltage across C is 30 volts and C is 
discharging through R so that the grid 
voltage of V2 is —10 volts. When the 
anode potential of V, rises to 100 volts 
from b to c an 80 volt increase is applied 
to C and R in series. The p.d. across C 
cannot change instantaneously; conse- 
quently this rise of voltage is applied to 
R. That is, at this instant C stops dis- 
charging and begins to charge through R 
and produces this 80 volt change across 
k. The grid voltage of V2 changes from 
—10 volts to +70 volts, from b to c. 
Since the time constant of C and R is 
long in comparison with the period of 
the applied cycle, the p.d.’s across C and 
R do not change greatly during the 
period cd. From d to e, the anode 
potential of V; falls suddenly to 20 volts. 
C stops charging and begins to discharge 
because the anode potential is less than 
the p.d. across C. The discharge of C 
through R makes the upper end of R 
10 volts negative with respect to ground. 
The voltage applied to the grid of Vo, 
which is the p.d. across R at every 
instant, is therefore an alternating volt- 


age. It is positive when the anode poten- 
tial of V, is high and negative when the 
anode potential of V; is low. Moreover, 
the capacitor must receive the same 
amount of charge during the positive 
portion of the cycle as it loses during 
the negative portion. Therefore the area 
on the positive side of the V2 grid voltage 
waveform equals the area on the nega- 
tive side. This condition is fulfilled if 
the grid potential is 70 volts positive for 
5 microseconds and 10 volts negative for 
35 microseconds .during each cycle. In 
practice, of course, it is impossible to 
maintain perfectly square waves of volt- 
age. The potential at the anode of Vi 
is prevented from rising and falling 
instantaneously by the interelectrode 
capacitances of the valve. This effective 
capacitor must be charged or discharged 
each time the anode potential changes. 
The rate at which the anode of V; is 
capable of changing p.d. depends upon 
the resistance in the circuit as well as 
the value of capacitance. Moreover, the 
time constant of the R-C coupling net- 
work can never be made infinite. Conse- 
quently the flat portions of the grid 
voltage waveforms are actually sections 
of exponential curves which tend always 
to approach the zero axis as shown in 
Fig. 15-17. 

In the preceding resistance-capacitance 
coupling circuit the output applied to 
the grid of V2 is an a-c voltage which 
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Fiq@.15-17 Ideal and actual waveforms of grid 
voltage of Vo. 


alternates about ground potential. The 
coupling capacitor blocks the d-c com- 
ponent from the grid circuit. In pulsed 
circuits it is often necessary that the 
output voltage of the R-C coupling circuit 
swing entirely positive or entirely nega- 
tive with respect to ground potential 
(Fig. 15-18). That is a d-c component 
must be restored to the grid voltage. 
The voltage waveform is effectively 
clamped to one side of ground potential 
by a clamping circuit or d-c restorer. 


A. Diode Clamping 


A diode circuit which may be used 
to clamp the output waveform of an R-C 
coupling circuit to the positive side of 
ground potential is shown in Fig. 15-19. 
A diode valve V is connected in parallel 
with the resistor R in the coupling net- 
work. In this example, the input voltage 
to the R-C circuit is a square wave volt- 
age, the same as that in the previous 
example. 

When the input voltage is steady from 
a to b at 20 volts the coupling capacitor 
is charged to 20 volts also, due to dis- 
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Fig.15-19 Diode clamping circuit producing a 
voltage clamped to positive side of ground 
potential. 


charge through the diode. Since C is 
neither charging nor discharging, there 
is no flow of electrons through R and 
consequently no p.d. across it. Therefore 
the voltage applied between anode and 
cathode of the diode is zero and the 
diode does not conduct. The output 
voltage is zero from a to b. 

When the input voltage rises from b to 
c, the coupling capacitor begins to-charge 
slightly through R developing the posi- 
tive rise bc in the output. The cathode of 
V is positive with respect to ground and 
the anode and so the diode does not 
conduct. It is an infinite impedance in 
parallel with the output and has no 
effect on the output waveform. Since 
the time constant of C and R is long in 
comparison with the period of the applied 
cycle, the p.d.’s across C and R do not 
change greatly during the period cd. 

From d to e the input voltage falls 
sharply to its previous level of 20 volts. 
The p.d. across the capacitor is slightly 
more than 20 volts and so C' discharges 
making the upper end of F& slightly 
negative to ground and the cathode of V 
negative to its anode. The diode there- 
fore conducts and becomes a low resis- 
tance in parallel with R. C discharges 
much more quickly through V than it 
would through R because of the reduced 
time constant. This short discharge 
time is indicated by the brief negative 
potential at e in the output waveform. 
When the p.d. across CU has become steady 
at 20 volts, the p.d. across R and V 
disappears and the circuit is ready to 
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Fia.15-20 Diode clamping circuit producing a 
voltage clamped to negative side of ground 
potential. 


repeat its cycle as before. The diode 
permits the use of a large coupling 
resistor R. This provides a very long 
time constant during the portion cd of 
the input cycle and the diode provides 
an extremely short time constant during 
the portion ab. 

The output voltage may be clamped 
to the negative side of ground potential 
by reversing the diode as in Fig. 15-20. 
In this case it is convenient to begin the 
description at a time c when the input 
voltage reaches its maximum of 100 
volts. The capacitor C charges rapidly 
to 100 volts mainly through the low 
resistance of the valve which conducts 
at this time. A very tiny part of the 
charging current flows through Rk. The 
small positive tip of output voltage at 
c, produced by the charging current 
through FR and V indicates the charging 
period of the capacitor. From c to d 
when the input voltage is steady at 100V 
and the capacitor is charged to 100V 
there is no current through R or V and 
the output voltage is zero. When the 
input voltage falls to 20V at e, a p.d. 
of 80 volts is developed across R, due to 
the discharge of C, and the upper end of 
R is negative. C continues to discharge 
to maintain this p.d. during the period 
ef due to the long time constant of C 
and R. The valve is inoperative during 
this time as its anode is negative with 
respect to its cathode. From f to g the 
input voltage rises to 100V. The capaci- 
tor stops discharging at the point g and 
recharges quickly through the valve to 
complete the cycle. While the descrip- 


Fig.15-21 Clamping circuit using positively 
biased diode. 


tion covers the case of an unsymmetrical 
square wave, it is equally applicable to 
voltage waveforms of a wide range of 
shapes common in pulsed circuits. 


B. Biased Clamping 


The voltage waveform may be clamped 
to any reference voltage other than zero 
by means of a biased-diode clamping 
circuit. Fig. 15-21 shows a circuit that 
may be used to clamp the input voltage 
to the positive side of —6V without 
distorting the waveform. The anode of 
the diode is biased 6 volts negative to 
its cathode by the battery. Thus V 
does not conduct until the negative volt- 
age across R exceeds 6 volts. At b in 
the voltage waveforms the input is 20V, 
the voltage across the capacitor is 26V. 
Thus, the capacitor is discharging 
through # producing an output voltage 
across R of —6V. The input rises from 
20V to 100V from b toc. C stops dis- 
charging and begins to charge through R 
producing a change of 80V across R. 
The output voltage changes from —6V 
to +74V. From c to d the diode does not 
conduct and since the time constant of 
C and R is long in comparison with the 
period of the applied cycle the p.d.’s 
across C and R do not change greatly. 
From d to e the input voltage falls 
suddenly to 20V. C which charged to 
slightly more than 26V stops charging 
and begins to discharge and the voltage 
across R becomes slightly more than 
—6V. The cathode of the diode goes 
slightly negative to the anode and the 
diode conducts. C quickly discharges 
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_Fiae.15-22 Clamping circuit using negatively 
biased diode. 


through the diode and its voltage quickly 
drops to 26V. The rapid discharge 
through the valve is indicated by the 
negative pip at e. From e to f, ¢ con- 
tinues to discharge through R producing 
a voltage across R of —6V, which is 
steady because the time constant of C 
and R is long. 

By reversing the diode and battery 
connections the circuit may be made to 
clamp the waveform to a limit of 6 volts 
in the positive direction (Fig. 15-22). 
When the voltage across RF is less posi- 
tive than +6V or is negative the diode 
does not conduct. When the voltage 
across R goes more positive than +6V 
the diode conducts and quickly charges 
the capacitor. The output voltage is thus 
prevented from rising above +6V. 

Clamping below ground potential may 
be accomplished by biasing the entire 
coupling network negatively as shown in 
Fig. 15-23. If the voltage between A 
and B is more negative than —6V, the 
anode of the valve is negative with 
respect to its cathode and the valve does 
not conduct. When the voltage between 
A and B rises to —6V the voltage across 
the valve becomes zero as the cathode is 
maintained at —6V by the bias battery. 
If the voltage between A and B is less 
negative than —6V, the valve conducts 
and charges the capacitor. The output 
voltage is therefore prevented from rising 
above —6V. 

While the variations in clamping cir- 
cuits have not been exhausted in the 
foregoing examples, the basic types of 
diode clampers have been outlined. The 
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_Fia.15-23 Clamping circuit using negatively 
biased coupling network. 


operation of other clamping circuits may 
be analysed in a similar manner. 


C. Grid Clamping 


The grid-cathode circuit of most valves 
may perform the function of a diode 
clamping circuit. Fig. 15-24 illustrates 
a circuit in which the input waveform 
is confined to operate on the negative 
side of ground potential at the grid of 
the valve. When the input voltage rises, 
the grid is driven positive to ground and 
hence to the cathode of the valve. Grid 
current flows to charge the coupling 
capacitor quickly through the compara- 
tively low resistance of the grid-cathode 
circuit. Hence the grid voltage is limited 
to a very small value in the positive 
direction. 

When the input voltage falls however, 
the coupling capacitor discharges through 
R only since the grid is negative to the 
cathode. This action develops the full 
input voltage at the grid on the negative 
side of ground potential. Thus the out- 
put voltage from the amplifier has the 
same waveform as the input except that 
it is inverted and amplified. 


Grid voltage 


Fiq.15-24 Grid clamping circuit. 
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Fi1c.15-25 Shift of trace on c.r.t. due to change in position of range switch. 


D. Application of Clamping Circuits 

Clamping circuits are widely employed 
in the sweep circuits of cathode-ray 
tubes. The necessity for such circuits 
is illustrated in Fig. 15-25 (a) and (b) 
which shows two a-c sweep voltages of 
the same amplitude and same frequency 
but with different sweep times which 
are to be applied in turn to the right 
X-plate of a c.r.t. Both voltages are 
indicated as having a variation of 100 
volts from base to peak. The a-c voltage 
of Fig. 15-25 (a), which swings 10 volts 
on the negative side and 90 volts on the 
positive side of its reference voltage 
causes the trace to be positioned as seen 
in the figure. 

If the waveform of Fig. 15-25 (b) is 
applied to the right X-plate, the trace 
is observed to be shifted to the right. 
The portion of the sweep voltage during 
the sweep time is narrower in this case, 
causing the voltage to rise to 95 volts 
in the positive direction and fall to —5 


volts in the negative direction. At the 
start and at the end of the sweep, the 
right X-plate is 5 volts more positive 
in Fig. 15-25 (b) than in (a). This 
causes the trace to shift sideways when 
the change is made from one sweep 
voltage to the other. In order to avoid 
this inconvenience the sweep voltage is 
applied to the deflection plate via a 
clamping circuit (Fig.15-26). The clamp- 
ing circuit ensures that each sweep volt- 
age operates the full 100 volts on the 
positive side of the ground reference level 
and does not swing in the negative 
direction. The trace is therefore made to 
begin at the same point on the screen 
regardless of the input waveform. In 
actual practice the horizontal centering 
controls set the position of this point so 
that the trace is properly centered. This 
is especially important in cathode-ray 
tubes used in radar sets in which the trace 
must remain aligned with a scale fixed 
on the outside of the tube. 
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Fie.15-26 Clamping circuit used to prevent horizontal trace shift in unbalanced c.r.t. sweep circuit. 


While the explanation is given for an 
unbalanced c.r.t. circuit above, the neces- 
sity for clamping circuits is equally im- 
portant in balanced circuits. The method 
of connecting diode clamping circuits in 
a balanced c.r.t. sweep circuit is shown 
in Fig. 15-27. The a-c sweep voltages are 
applied to the horizontal-deflection plates 
via the clamping circuits. The diodes V; 
and V2 are connected in parallel with the 
coupling resistors R; and R, to ensure 
that the trace starts at the same point 
for different sweep voltages. The hori- 
zontal centering control (not shown) is 
adjusted as before to set the position of 
the starting point of the trace. 

Clamping circuits are equally neces- 
sary in the sweep current circuits of 
cathode-ray tubes which employ mag- 
netic deflection. Further applications of 
clamping circuits are found in gating 


Sweep voltage applied 
to left-hand X-plate 


A-c sweep voltage 


C.r.t_screen 


circuits which are discussed in later 
sections. 

The voltage waveforms shown in the 
diagrams are somewhat idealized in 
order to emphasize the points under dis- 
cussion. It is equally important that the 
technician be able to interpret voltage 
waveforms obtained by monitoring the 
circuit with a cathode-ray oscilloscope. 
For this reason, oscillograms showing the 
operation of actual circuits have been 
included periodically throughout the 
present chapter. 

Fig. 15-28 shows oscillograms of the 
sweep voltage monitored at the input and 
output of the sweep amplifier. The first 
shows the grid voltage and the second the 
anode voltage of the amplifier producing 
a 20-mile sweep for a surface-warning set. 

The operation of a clamping circuit 
is shown by the oscillograms of Fig. 
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Fic.15-27 Clamping circuit used to prevent horizontal trace shift in balanced c.r.t. sweep circuit. 
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Fia.15-28 Oscillograms of sweep voltage wave- 
forms. 


15-29. The first shows a sweep voltage 
waveform developed across the coupling 
resistor to the deflection plate of the 
e.r.t. when the clamping diode is re- 
moved. The second shows the same 
voltage with the clamping diode in 
operation. 

15.3 Pulse forming circuits. The 
accuracy of the many timing circuits 
used in radar and television depends in 
large measure upon the development and 
application of precise trigger pulses. A 
trigger pulse waveform is one of a number 
of pulse waveforms. Several common 
types of pulses are shown in Fig. 15-30. 
For each pulse waveform the duration of 
the pulse is short compared to the interval 
between pulses. The number of pulses 
per second, which is the same as the 
number of cycles per second in the wave- 
forms illustrated is called the pulse repe- 


(b) 

Fre.15-29 Oscillograms to show the operation 
of a clamping diode on sweep voltage waveforms 
(a) Clamping diode removed (b) Clamping diode 
in operation. 


tition rate or pulse recurrence rate. The 
kind of pulse shown in Fig. 15-30 (d), 
the duration of which is extremely short 
compared to the interval between pulses, 
is called a trigger pulse. A circuit whose 
operation is initiated by such a pulse is 
called a triggered circuit. The limitations 
placed upon these pulses varies con- 
siderably with different applications, but 
three characteristics are usually of prime 
importance. These are ; 

(i) the duration of the pulse 

(ii) the waveform 
(iii) the repetition rate. 

Frequently the duration of the trigger 
pulse must not be greater than a few - 
microseconds and may even be a frac- 
tion of one microsecond. 

The waveshape of the pulse must be 
precise in order that a definite amplitude 
be attained at a definite instant to 
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Fig.15-30 Common types of pulse waveforms. 


initiate triggering. This ordinarily re- 
quires that the leading edge AB of the 
trigger pulse be as steep as possible. The 
trigger-pulse amplitude, for example, may 
change by 100V in a fraction of a micro- 
second. The trailing edge BC should be 
fairly steep also since, if the pulse were 
not quickly removed, the triggered cir- 
cuit might respond unfavourably to the 
pulse. A second cycle of operation might 
be started by a single pulse, or, the trail- 
ing edge of the trigger pulse might begin 
an undesired sequence of operations. For 
some applications the amplitude of the 
pulse must be accurately controlled and 
must not be altered by changes in other 
circuits. 

Finally the trigger pulse must ordinarily 
be made to recur at a precise time at 
repetition rates that vary from a few 
cycles per second to a hundred thousand 


100V|---- 
Input voltage 


100pusec. 
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cycles per second. Any variation in the 
time interval between successive pulses 
introduces inaccuracies into the per- 
formance of the triggered circuits. 

Two examples of the specifications of 
radar pulses will serve to emphasize the 
precision required of pulse forming cir- 
cuits. 

(i) A calibration circuit must supply to 
the Y-plates of the c.r.t. a pulse of 
50 volts amplitude and 1 micro- 
second duration every 10 micro- 
seconds, or 100,000 times per second. 

(ii) A modulator must supply a uniform 
negative voltage pulse of 10 kilo- 
volts amplitude at a current of 10 
amperes lasting for 1.5 microseconds 
and recurring every 2000 micro- 
seconds. 


A. Differentiation 


The circuit of Fig. 15-31 is frequently 
used to develop a series of sharp positive 
and negative pulses of output voltage 
from a square wave of voltage applied 
to the input terminals. Such a circuit is 
called a differentiating circuit or an R-C 
differentiator and the process is called 
differentiation. The circuit resembles the 
conventional R-C coupling network but 
the capacitance of C is small. This 
provides a very short time constant for 
Rand C. The input is a typical square 
wave of voltage that rises abruptly 
from a minimum of 20 volts to a maxi- 
mum of 100 volts and falls sharply 100 
microseconds later. 

During the period ab the applied volt- 
age is constant at 20 volts. The capacitor 


Fic.15-31 R-C differentiating circuit. 
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is charged to 20 volts and is neither 
charging nor discharging. There is there- 
fore no flow of electrons through R& and 
the p.d. across it is zero as indicated in 
the output voltage waveform. When the 
input voltage rises from 6 to c, an in- 
crease of 80 volts is applied across R and 
C in series. Since C cannot charge 
instantaneously, its p.d. cannot change 
at the first instant. Hence all the in- 
creased voltage appears across R. C 
begins to charge. The flow of electrons 
up through R provides the p.d. across R. 
The rate at which C charges is deter- 
mined by the time constant of C and R 
together with the resistance of the input 
voltage generating circuit which is here 
assumed to be negligible. This time con- 
stant must be very short compared to 
100 microseconds. As C charges, the 
p.d. across R decreases exponentially 
producing the trailing edge of the posi- 
tive pulse in the output. The p.d. across 
R becomes zero when C is charged to 
100V. The capacitor remains charged 
to 100 volts during the remainder of the 
interval cd and the output voltage re- 
mains at zero during this time. 

At d the input voltage falls 80 volts 
to e. Capacitor C begins to discharge 
causing electrons to flow down through 
R, developing a p.d. across R. At the 
first instant from d to e, the p.d. across 
c is 100 volts and the p.d. between the 
input terminals is 20 volts. Therefore 
the p.d. across R must be —80 volts. 
This forms the leading edge of the nega- 
tive pulse of the output waveform. As 
C discharges through the resistance of R 
and the input circuit, the voltage across 
R decreases exponentially to form the 
trailing edge of the negative output 
pulse becoming zero when the capacitor 
voltage is 20V. 

In practice the input circuit contains 
capacitances which must be charged or 
discharged each time there is a change in 
voltage supplied to the differentiating 
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Fia.15-32 Oscillograms to show the operation 


of a differentiating circuit (a) Input voltage 
waveform (b) Output voltage waveform. 


circuit. For this reason the leading and 
trailing edges of the input waveform are 
never ideally vertical. 

Consequently the leading edges of the 
output pulses are not exactly vertical 
as the p.d. across R cannot build up 
faster than the input voltage changes. 

Typical values for the differentiating 
circuit of Fig. 15-29 are R = 100,000 
ohms and C = 50 micro-microfarads. 
This combination has a time constant of 
100,000 X50 X10-! seconds or 5 micro- 
seconds. That is, the output voltage 
falls to 37% of its initial value of 100 
volts in a period of 5 microseconds as 
indicated in the diagram. 

Pulse forming by means of a differen- 
tiating circuit requires 
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Fig.15-33 R-C integrating circuit. 


(i) that the input waveform have reason- 
ably steep edges 

(ii) that the input circuit be capable of 
maintaining the square waveform in 
spite of the loading effect of the 
differentiating circuit. Oscillograms 
of the input and output voltages of a 
typical differentiating circuit are 
shown in Fig. 15-32. 


B. Integration 


Integrating circuits are not often used 
as pulse formers but are included at this 
point because they are similar in opera- 
tion to differentiating circuits. The cir- 
cuit of Fig. 15-33 consists of the same 
components as the differentiating circuit 
of Fig. 15-31 but the output is taken from 
the capacitor instead of the resistor. 
The p.d. across the capacitor at every 
instant is the difference between the 
input voltage and the p.d. across the 
resistor. When the input voltage is 20 
volts from a to b, the p.d. across F# is 
zero. Hence the p.d. across C is 20 volts 
as indicated. When the input voltage 
rises from b to c, the capacitor charges 
exponentially from b to f at a rate de- 
termined by the time constant of the 
circuit. This rise in voltage across C from 
20V to 100V occurs as the voltage across 
R decreases from its maximum value to 
zero. When the applied voltage falls 
from d to c, the capacitor begins to dis- 
charge from d to g exponentially. This 


gradual decrease in voltage across C 
causes the negative pulse across R. 

An integrating circuit is used to delay 
the leading edge of the input square wave 
in the output circuit. For example, if 
Rk = 100,000 ohms and C = 50 micro- 
microfarads in this circuit as in the cir- 
cuit of Fig. 15-31, the time constant is 
again 5 microseconds. Therefore the 
p.d. across C rises 638% of its 80 volt 
change in 5 microseconds. The leading 
edge of the integrated waveform is de- 
layed by 5 microseconds at an amplitude 
of 20+-83, of 80, or 70.4 volts. If the 
following circuit is biased so that it starts 
operating at 70.4 volts input it will be 
triggered by the voltage across C at a 
time equal to 5 microseconds after the 
leading edge of the voltage rise applied 
to the integrator. 


C. Shocked Oscillators 


A shocked oscillator is a useful circuit 
for producing oscillations at a definite 
frequency, beginning at a certain instant 
and recurring at regular intervals. Refer- 
ence to a particular application of the 
circuit will serve to emphasize its use- 
fulness. 

The scan of the c.r.t. in a radar set is 
to be calibrated by a series of pulses 
spaced 6.1 microseconds apart as indi- 
cated in Fig. 15-34. This is done by 
applying to the upper Y-plate of the 
tube a sharp positive pulse every 6.1 
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Fic.15-34 Calibration sweep on a radar c.r.t. 
screen. 


microseconds as the sweep progresses 
from left to right. The first pulse must 
be synchronized with the start of the 
sweep to prevent the pattern from drift- 
ing and the series must be applied each 
time the sweep takes place. The interval 
6.1 microseconds is commonly used be- 
cause it is the time required for a trans- 
mitted radar pulse or echo to travel 2000 
yards or to travel 1000 yards to a target 
and return. The train of pulses applied 
to the upper Y plate is produced by an 
oscillator which operates at a frequency 
of 163,900 cycles per second. It there- 


fore produces one cycle in of a 


1 
163,900 
second or 6.1 ywsec. Each cycle of the 
oscillator is used to develop one pulse 
for the vertical-deflection plates. The 
pulses are synchronized with the sweep 
by turning the calibration oscillator on 
at the start of each sweep and allowing 
the oscillator to operate for the duration 
of the sweep. During the waiting period 
between sweeps, the calibration oscilla- 
tor is prevented from oscillating. A 
shocked oscillator is one type of circuit 
used to produce the calibration pulses 
for the c.r.t. 

A shocked oscillator is shown in Fig. 
15-35. A high-Q oscillatory circuit LC is 
connected between cathode and ground 
of the triode valve. The resonant fre- 
quency of this circuit is set at 163.9 
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Fia.15-35 Shocked oscillator for producing a 
train of oscillations. 


Ke/s by adjustment of L or C. The 
anode of the valve is connected to the 
positive side of the supply voltage and 
the grid is also connected to this voltage 
point through a large resistor R. With 
no input signal on the grid, the valve 
normally conducts heavily. The grid is 
positive to the cathode causing grid cur- 
rent to flow. This grid current flowing 
through FR develops a large p.d. across R 
which limits the grid potential to about 
1 volt positive to the cathode. The large 
direct current through the valve flows 
through L and creates a relatively strong 
magnetic field around it. 

A large negative square wave pulse 
called a gate pulse is applied to the grid 
of the valve when the oscillations are to 
commence. This is indicated by the 
region bc of the input waveform. The 
grid is driven beyond cut-off and the 
valve acts as an open circuit between the 
oscillatory circuit and the power supplv. 

Although current through the valve 
ceases abruptly, the current through L 
cannot fall to zero instantaneously. The 
collapsing magnetic field about UL in- 
duces a voltage in it which tends to 
maintain current flowing in the same 
direction as that at the instant of cut-off. 
That is, electrons continue to flow from 
ground to the upper end of L and into 
the top plate of the capacitor. C is 
therefore charged negatively on the 
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upper side causing the first half cycle of 
output voltage to be of negative polarity. 
A damped oscillatory current continues 
to flow in the LC circuit until the gate 
pulse ends. An exponential decrease in 
the output voltage is caused by losses 
from the LC circuit in the form of heat, 
radiation, etc. These are kept to a low 
value so that oscillations are maintained 
with relatively constant amplitude for 
the duration of the gate pulse. 

When the gate pulse ends, as indi- 
cated by de, the grid potential is raised 
above cut-off and the valve conducts 
again. The valve and power supply 
constitute a low impedance load on the 
oscillatory circuit which quickly damps 
out any further oscillations. The train 
of damped sine waves is fed to pulse 
shaping circuits before being applied to 
the c.r.t. deflection plates. 

The gate pulse applied to the grid of 
the shocked-oscillator valve must be of 
sufficient amplitude to maintain the grid 
beyond cut-off in spite of two factors 
which tend to make it conduct again. 
The large oscillation set up in LC makes 
the cathode considerably negative to 
ground during one half cycle of opera- 
tion. This effectively raises the p.d. 
between cathode and anode of the valve 
to a value somewhat higher than the 
supply voltage. In addition, a negative 
voltage on the cathode is equivalent to a 
positive voltage on the grid, which further 
tends to make the valve conduct. Con- 
duction of the valve during the period of 
oscillation would load the LC circuit and 
damp out the oscillations prematurely. 

A shocked oscillator which responds to 
only the leading and trailing edges of a 
square gate voltage on the grid is shown 
in Fig. 15-36. This circuit is similar to 
that of Fig. 15-35 except that the oscil- 
latory circuit LC is connected in the 
anode circuit of the valve. A resistor & 
is connected in parallel with L and C. 
R is chosen of such a size that it pro- 
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Fig.15-36 Shocked oscillator for producing 
narrow pulses. 


duces critical damping of the LC circuit. 
Any oscillation set up in LC is damped 
out after the first half cycle by R. 

The valve normally conducts heavily 
as explained for the previous circuit. 
Since there is little p.d. across L the 
anode potential is practically the H.T. 
potential E,,. When the negative field 
about ZL collapses one half cycle of 
oscillation is produced in LC. Since the 
collapsing field induces a current in LZ in 
the same direction as the valve current, 
the capacitor is charged negatively at the 
top and positively at the bottom. The 
oscillation is therefore a positive pulse 
of voltage from anode to ground. Oscil- 
lation ceases after this pulse due to the 
damping effect of R. At the end of the 
gate voltage, the valve is made to con- 
duct again. A negative pulse is produced 
by the LC circuit but its amplitude is 
less than the positive pulse due to the 
loading effect of the valve. 

For each gate pulse there are two out- 
put pulses, one positive and one nega- 
tive. Thus, the timing of output pulses 
is controlled solely by the input voltage 
to the circuit. The exact resonant fre- 
quency of LC only affects the duration 
or width of the pulse produced and so is 
not critical. For this reason, C is usually 
omitted from the circuit and the valve 
capacitance together with the distributed 
capacitance of the inductor serve to de- 
termine the resonant frequency of the 


15:20 


-o+H.T, 


Output 
voltage 


Fic.15-37 Free-running blocking oscillator. 


oscillation. The resonant frequency must 
be high to produce a narrow pulse. 


D. Blocking Oscillators 


A blocking oscillator is an oscillator 
which produces one cycle of oscillation 
and then remains in a quiescent state for 
a definite period of time. Three types 
of blocking oscillators are discussed which 
differ from each other in the manner in 
which the duration of the quiescent period 
is determined. 
1.FREE-RUNNING BLOCKING OSCILLATOR. 

The blocking oscillator shown in Fig. 
15-37 consists of a triode valve with the 
primary of a pulse transformer 7’ con- 
nected in its anode circuit. The secon- 
dary of this transformer is connected be- 
tween grid and cathode of the valve. 
The coupling capacitor C and the grid 
resistor R complete the grid circuit. 

When the filament is heated and the 
high voltage supply is connected the 
current through the valve increases from 
zero. ‘This rising current produces an 
increasing p.d. across the primary of T 
and causes the anode potential to fall 
(Fig. 15-38). The changing anode poten- 
tial is coupled through the transformer 
to the grid of the valve. The secondary 
winding is so connected that the falling 
anode potential produces a rising grid 
potential. The grid is driven positive 
by the voltage from 7, causing a further 
increase in anode current. This process 
is cumulative and due to the close coup- 
ling of 7’, the valve is very quickly driven 
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Fig.15-38 Anode and grid voltage waveforms 
for a free-running blocking oscillator. 


toward anode current saturation. The 
grid current charges C to almost the full 
voltage induced in the secondary of T. 
The dip in the anode voltage curve and 
the peak of the grid voltage curve repre- 
sent the conditions when the anode 
current reaches a maximum. 

As the anode current approaches 
saturation, the back e.m.f. across the 
transformer primary decreases. The 
anode potential commences to rise again. 
This is coupled through T as a negative 
voltage applied across C and & in series. 
Since the p.d. across C cannot change 
instantaneously, a negative voltage 
across R is applied to the grid of the 
valve. This falling grid voltage reduces 
the current through the valve causing 
the anode voltage to rise sharply. Again 
the action is cumulative but this time it 
is in the reverse direction.. Anode current 
is quickly cut off by the large negative 
potential on the grid. This condition is 
indicated by the peak of the anode volt- 
age curve and the dip in the grid voltage 
curve. 

The negative grid potential is main- 
tained by the discharge of C, electron flow 
being down through R. The time taken 
for the grid potential to complete its 
exponential return to cut-off depends 
upon the time constant of R and C. 
When the grid potential reaches the cut- 
off voltage, current again commences to 
flow through the valve and the cycle is 


PULSE CIRCUITS 


: | 

o———=-| ee 

Input voltage 
synchronizing 


pulse voltage 


Fi1a.15-39 Synchronized blocking oscillator. 


repeated. The time AB of the one cycle 
of sinusoidal oscillation is determined 
primarily by the transformer windings 
and their distributed capacitances. By 
using a well designed pulse transformer 
the duration of the complete oscillation 
at the anode may be made as small as a 
few microseconds. The period BC be- 
tween the sinusoidal pulses and hence the 
number of such pulses per second is de- 
termined by the RC time constant. The 
output pulse may be coupled from the 
anode by means of a capacitor or by a 
third winding on the pulse transformer. 
This oscillator is called a free-running 
blocking oscillator because the duration 
of the quiescent period BC is determined 
by the circuit itself. The time AC is the 
free-running period of the oscillator. 
2. SYNCHRONIZED BLOCKING OSCILLATOR. 
A free-running blocking oscillator may 
be synchronized to produce a given 
number of sinusoidal pulses per second 
by applying a series of positive syn- 
chronizing or trigger pulses to its grid. 
The circuit of Fig. 15-39 is adjusted to 
produce one output pulse for every five 
input pulses and so may be used as a 
frequency divider. The operation of the 
circuit is similar to that of the free- 
running blocking oscillator previously 
described. The variable grid resistor A 
is used to vary the free-running period. 
It is set so that the grid of the oscillator 
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_ Fia.15-40 Operation of a synchronized block- 
ing oscillator. 


is beyond cut-off somewhat longer than 
five times the period of the input pulses, 
Fig. 15-40 (a). One of these pulses has 
initiated the blocking oscillator cycle of 
the circuit. This is indicated by pulse 
number 0 of graph (b) in Fig. 15-40. 
The grid is driven far beyond cut-off by 
the feedback through 7 and returns 
toward cut-off exponentially as shown 
in graph (c). At the same time the 
positive sync. pulses are applied to the 
grid of the valve through capacitor C;, 
The actual grid voltage rise is the result 
of these two voltages and is shown in 
graph (c). Pulses 1, 2, 3 and 4 raise the 
grid potential momentarily but are not 
of sufficient amplitude to drive the grid 
above cut-off and initiate a new cycle. 
Pulse 5 raises the grid potential above 
cut-off and current begins to flow through 
the valve. The blocking oscillator cycle 
is therefore started, one output pulse 
being produced at the anode for every 
five input pulses applied to the grid. 

By decreasing the resistance of FR, the 
time constant of the grid circuit is re- 
duced and the grid voltage curve rises 
more steeply toward cut-off. In this way 
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Fia.15-41 Biased-off blocking oscillator with 
input and output waveforms. 


“every fourth, third, etc. sync. pulse 
applied to the grid may be made to 
produce one cycle of oscillation. For 
reliable operation of this circuit, the 
sync. pulse must be of uniform amplitude 
and regularly spaced. Negative sync. 
pulses applied to the anode may be used 
instead of positive syne. pulses to the 
grid. The coupling transformer reverses 
the polarity of the anode pulses and 
applies them to the grid as positive 
pulses. 
3. Brasep-OFrr BLocKING OscILLATOR. 

Both the free-running type and the 
synchronized type of blocking oscillator 
produce oscillations at regular intervals 
with no input applied. A third type of 
oscillator shown in Fig. 15-41 produces a 
eycle of oscillation only when an input 
pulse is applied and remains non-con- 
ducting at other times, Figs. 15-42 (a). 
The valve is maintained in a biased-off 
condition by a large positive potential 
on the cathode or by a similar negative 
potential on the grid. A positive input 
pulse must be applied to the grid of suffi- 
cient amplitude to overcome this bias 
and the circuit executes one cycle of 
oscillation. At the end of the cycle, the 
bias maintains the grid beyond cut-off 
until another input pulse is applied. 

By suitably adjusting the bias, this 
circuit may be used to provide sharp 
pulses at the anode from a sine wave 
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Fic.15-42 Operation of a biased-off blocking 
oscillator with sine wave input. 


input to the grid (Fig. 15-42). The time 
constant of the grid circuit should be 
arranged to provide extra bias to keep 
the valve well below cut-off from the time 
the blocking oscillator cycle is produced 
until the desired input pulse returns the 
grid above cut-off again. If this time 
constant is too short, a second blocking 
oscillator cycle may be initiated by an 
input pulse before the desired one. For 
example, in Fig. 15-42 each third input 
cycle initiates the oscillator cycle. 


E. Thyratron Pulse Former 


A circuit which produces a very sharp 
positive pulse of considerable amplitude 
is shown in Fig. 15-48. A thyratron valve 
has a load resistor Ry of small resistance 
connected in its cathode circuit and a 
large resistance R; connected in its anode 
circuit. The valve is in a normally 
biased-off condition due to the negative 
potential supplied to its grid by the bias 
battery. A storage capacitor C2 is con- 
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nected across the valve and its load 
resistor. 

When the H.T. is connected C2 charges 
exponentially through R; to the full 
value of the supply voltage. A positive 
input pulse is applied to the grid of the 
valve of sufficient amplitude to over- 
come the grid bias. The gas within the 
thyratron ionizes and the valve conducts 
heavily. The resistance between cathode 
and anode falls to a very low value. The 
storage capacitor C2 is now effectively 
connected across the cathode load re- 
sistor R, in series with the low resistance 
of the valve. C2 quickly discharges 
through R, and the valve and most of 
the initial voltage on the capacitor is 
developed across Ry. As the time con- 
stant of this circuit is very small, the 
output pulse developed across Ry, is of 
very short duration but of very large 
amplitude. 

As C; discharges, the anode potential 
falls. When the de-ionization potential 
is reached, the valve stops conducting 
and C, again begins to charge through 
R; to the supply voltage. The time 
constant of C, and R; is made sufficiently 
long that ionization cannot occur 4 
second time before the input pulse is 
removed from the grid of the thyratron. 
On the other hand, R3 must not be so 
large as to prevent C, from charging 
completely before a second firing pulse 
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is applied to the grid. R, is a resistor 
which limits the flow of grid current in 
the thyratron when large input pulses 
are applied. 


F. Discharge Line 


A section of transmission line ordinarily 
used for conducting radio-frequency cur- 
rents may be used to form a pulse of 
electrical energy of rectangular wave 
shape and extremely short duration. The 
line may be of the parallel conductor 
type or of the concentric line type as 
described in Chapter X. In practice 
however, an artificial line is used consis- 
ting of series inductors and shunt capaci- 
tors. In this way, the characteristic 
impedance may be made somewhat 
higher than that provided by most trans- 
mission lines and the physical length is 
very much reduced. 

The operation of a discharge line is 
most readily understood by considering 
the effect of connecting a long section of 
concentric line to a battery as in Fig. 
15-44. The battery has an e.m.f. of 200 
volts and an internal resistance of 500 
ohms. The line has a characteristic 
impedance of 500 ohms and matches the 
internal resistance of the battery. Before 
the switch is closed in the circuit the line 
is discharged. The inner and outer con- 
ductors are at the same potential. At 
the instant the switch is closed, electrons 
begin to flow from the negative terminal 
of the battery into the left hand end of 
the outer conductor. Electrons also flow 
from the central conductor back to the 
positive terminal of the battery. This 
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Fig.15-45 Charging process of a discharge line. 


constitutes a flow between the inner and 
outer conductors. The series inductance 
in each element of length of the line 


maintains this current uniform at a value 
given by Ohm’s Law, I = Melt 

} R_ 1000 
amperes or 200mA. The wavefront of 
current advances from the input end to 
the open end of the line at the speed of 
light which is approximately 1000 feet 
per microsecond. 

The distribution of voltage must also 
be considered. Since the impedance of 
the line matches the internal impedance 
of the source, the e.m.f. of the battery 
divides equally between them. When the 
switch is closed, the terminal p.d. of the 
battery falls to 100 volts and a p.d. of 
100 volts is built up between the inner 
and outer conductor of each successive 
element of the line. This wavefront of 
voltage advances down the line in phase 
with the current wavefront. The dia- 
grams of Fig. 15-45 (a) and (b) show the 
distribution of charge, the flow of elec- 
trons and the voltages which exist in the 
circuit at the end of 4 microsecond and 
1 microsecond respectively, along a line 
of length 1000 feet. 

When the wavefront reaches the open 
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end of the line, a current wavefront 
begins to move in the reverse direction 
back toward the battery. This current 
must be assumed to exist in order that 
the outgoing wave of current at the 
open end be cancelled because the net 
current flow at that point must be zero. 
Thus a new current wavefront moves 
from the right hand end of the line to the 
battery end in the next microsecond. 
Since the p.d. builds up as the current 
wavefront advances, the p.d. at the open 
end of the line must rise suddenly from 
zero to 100 volts to 200 volts. The 
potential of each successive element of 
the line rises from 100 volts to 200 volts 
until the wavefront reaches the battery, 
Fig. 15-45 (c). At this instant the current 
stops flowing, the p.d. across the internal 
resistance disappears and the 200-volt 
source is opposed by the 200 volts of the 
charged line, Fig. 15-45 (d). 

The discharge of the line is a similar 
phenomenon but takes place in the re- 
verse direction. Fig. 15-46 shows a 
transmission line 1000 feet long having a 
characteristic impedance of 500 ohms 
charged to a p.d. of 200 volts and con- 
nected through a switch to a resistor of 
500 ohms. At the instant the switch is 
closed electrons begin to flow from the 
left end of the outer conductor through R 
to the inner conductor. The p.d. across 
the left end element falls from 200 volts 
to 100 volts and a p.d. of 100 volts is 
developed across the resistor. The dis- 
charge wave travels down the line.to the 
right hand end in 1 microsecond dis- 
charging each element of the line to 100 
volts and maintaining the p.d. across R 
at 100 volts. At the open end of the 
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Fic.15-46 Discharge line discharging circuit. 
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line, a discharge wavefront then starts to 
move back toward the left end of the 
line. This discharges the line from 100 
volts to zero in the next microsecond still 
maintaining the p.d. across R at 100 
volts. A rectangular wave of voltage is 
therefore developed across R with an 
amplitude of 100 volts and a duration of 
2 microseconds following the closing of 
the switch. 

It must be emphasized that the phenom- 
enon takes place as described only 
when the load resistance matches the 
characteristic impedance of the line. If 
these are mismatched the line is not 
completely discharged in a single dis- 
charge cycle. A current wavefront moves 
down the line and back again causing a 
partial discharge only. A redistribution 
of voltage then takes place between the 
line and the load and another discharge 
cycle occurs. This process is repeated 
and the line voltage falls in steps until 
it reaches zero. 

The practical application of the dis- 
charge line as a pulse former is shown in 
Fig. 15-47. A simulated discharge line 
consisting of series inductors L,; to L,4 
and shunt capacitors C; to C4 is con- 
nected between ground and the anode of 
a thyratron valve V. A load resistor Rs; 
is placed in the cathode circuit of the 
valve. The resitance of R; together with 
the resistance of the valve when conduct- 
ing is made equal to the characteristic 
impedance of the discharge line. 

The valve is kept in a non-conducting 
state by the bias battery in the grid 
circuit until a signal is applied to the 
grid. The capacitors in the discharge 
line become charged through RF to the 
value of the supply voltage. Since there 
is no current through the valve, the 
output voltage across Rs is zero. A 
positive trigger pulse voltage is applied 
to the grid at the instant when the out- 
put pulse is to be developed. The grid 
bias is overcome causing the valve to 
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Fie.15-47 Discharge line pulse-forming circuit. 


conduct heavily. The p.d. to which the 
discharge line capacitors are charged 
falls to half its original value. An equal 
voltage is applied across R; in series with 
the valve. Since the resistance of the 
valve when conducting is very small, 
most of this p.d. is developed across R3. 
The capacitors discharge successively 
from left to right to half their voltage, 
then from right to left to zero potential. 
The flow of current from the lower plates 
of these capacitors through R; and the 
thyratron to the upper plates of the 
capacitors maintains the p.d. across R3. 
The output therefore is a positive pulse 
of rectangular waveform. The duration 
of this pulse is determined by the equiva- 
lent length of the discharge line and may 
be increased by adding additional sec- 
tions. A pulse of this type may be made 
as short as one microsecond, or even less. 

The amplitude of the pulse is deter- 
mined by the value of the supply voltage. 
Discharge line circuits may be used at 
voltages of a few hundred volts, followed 
by pulse amplifiers to increase the power. 
Alternatively, a high-voltage line con- 
structed with well insulated capacitors 
may be used to develop a pulse of several 
thousand volts amplitude. The output 
impedance is usually sufficiently low that 
a step-up transformer may be used to 
provide a further boost in voltage. 

15.4 Square-wave generators. The 
circuits which are described in the follow- 
ing sections have been variously named 
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for the functions they perform or their 
mode of operation. These names include 
multivibrators, relaxation oscillators, flip- 
flops, delay circuits, triggered circuits, 
relays, transitrons, etc., A slight modi- 
fication in one of these circuits is fre- 
quently all that is necessary to change 
it to another type. For this reason, the 
circuits are not classified either as to 
purpose or operation. They have in 
common one characteristic namely that 
all produce waveforms of voltage which 
rise or fall very abruptly. For this reason 
they are frequently called square-wave 
generators. 


A. Symmetrical Multivibrator 


The basic multivibrator is shown in 
Fig. 15-48. It consists of two exactly 
similar triode amplifiers with the output 
of each resistance-capacitance coupled 
to the input of the other. R, and Rp 
are the anode load resistors of the two 
valves. R; and Rk, are the grid-leak 
resistors and C, and C, the coupling 
capacitors. During normal operation of 
the circuit the two valves conduct cur- 
rent alternately. When one is conducting 
the other is cut off. A detailed explana- 
tion of the reasons for this behaviour and 
the factors which determine the length 
of each cut-off period follows. 

When the heater and H.T. circuits are 
completed, current begins to flow through 
both valves. However, both valves will 
not continue to conduct exactly the 
same amount of current at every instant. 
Any slight unbalance in the circuit causes 
one valve to conduct more heavily than 
the other. Suppose a slight increase in 
current takes place through V>. Then 
the p.d. across R, increases and the 
anode potential falls. C2 therefore begins 
to discharge down through R; to the 
ground. This develops a p.d. across R;3 
which applies a negative potential to the 
grid of V;. The current through V, 
therefore decreases and the p.d. across 
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Fig.15-48 Symmetrical multivibrator. 


R, decreases. The anode potential of V; 
rises, causing C, to charge up through 
R,. This causes a p.d. across R4 which 
applies a positive potential to the grid 
of V2. The current through Ve2 which 
was assumed to increase slightly at the 
first instant, is now made to increase 
greatly due to the amplified positive 
potential on its grid. The process is 
cumulative with the result that the grid 
potential of V, is driven far beyond 
cut-off while that of V2 is made some- 
what positive. Grid current flows in V2 
to charge C, so that the positive poten- 
tial of the grid of V2 is limited to a 
smaller value than the corresponding 
negative potential on the grid of V,. 
The voltage changes at the grids and 
anodes of the two valves which are 
described as if they occurred slowly, 
actually take place extremely rapidly due 
to the amplification of the valves. The 
switching action may be completed in a . 
matter of microseconds in a well designed 
multivibrator. The anode potential of 
V, rises almost to H.T. and becomes 
steady because the valve is cut. off. The 
anode potential of V2 is low because the 
valve is conducting heavily and there is a 
large p.d. across R, and is steady since 
the grid has become steady at a small 
positive potential. ; 

The circuit now undergoes a period of 
relaxation during which the grid poten- 
tials tend to return to zero. Cy, which at 


PULSE CIRCUITS 


= Electron flow 


(a) (b) 


Fie.15-49 Electron flow through the coupling 
circuit of a multivibrator (a) Coupling capacitor 
discharging (b) Coupling capacitor charging. 
first began to discharge rapidly through 
R3 gradually discharges more slowly since 
the anode potential of V2 is at a low 
steady value. “ The p.d. across R; de- 
creases exponentially at a rate determined 
by the time constant of C.R3 and the 
resistance of V2 when conducting. Thus 
the negative grid potential of V, rises 
toward cut-off. When this point is 
reached current begins to flow through 
R, and V,; making the grid potential of 
V2 negative. The anode current of V2 
is reduced and the anode potential rises. 
C, begins to charge through R; making 
the grid of V; positive. The switching 
action is similar to that previously 
described for V;. In this case V2 is cut 
off and V, is made to conduct heavily. 
The anode potential of V2 rises to H.T. 
_and that of V, is low. A second relaxa- 
tion period then begins during which the 
grid potential of V2 returns to cut-off 
exponentially. The duration of this 
period depends upon the time constant 
of C, and Ry. When the grid potential 
of V2 reaches cut-off, current again be- 
gins to flow through this valve. This 
initiates a new switching action which 
completes the multivibrator cycle. 

The charge and discharge paths of one 
of the coupling capacitors is shown In 
Fig. 15-49 (a) and (b). The diagram (a) 
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indicates the direction of electron flow 
which discharges C, during the relaxa- 
tion period of the first half cycle. . Dia- 
gram (b) shows the path of electrons 
which charge C, during the second half 
of the cycle. Since grid current is flowing 
in Vi, C2 charges quickly through the 
low impedance of the grid-cathode circuit. 

A circuit of this type is called a free- 
running multivibrator because its fre- 
quency is determined by the values of 
the components which make up its own 
circuit. That is, it operates continuously 
without the aid of trigger pulses. 

The duration of each relaxation period 
is determined by the time required for 
the grid to return to cut-off. In this 
multivibrator the duration of one relaxa- 
tion period is the same as the other and 
the multivibrator is called a symmetrical 
multwibrator. This duration is usually 
about one time constant of the coupling 
capacitor and grid-leak resistor. The 
period of one complete oscillation is 
therefore given by the formula 

Up: a C,Rit+C.R3 
and the frequency by the formula 

ue 1 

Ty ib nea 
The frequency of osciliation of the multi- 
vibrator may: be increased by reducing 
the resistance of either or both of R3 
and R,, or by reducing the capacitance 
of either or both of C; and C4. 

The grid and the anode voltage changes 
are shown graphically in Fig. 15-50. The 
region ab in graph (a) indicates the rapid 
fall of grid potential which cuts off the 
current through V;. At the same time 
its anode potential rises toward H.T. as 
shown by the region ab in graph (b). In 
graphs (c) and (d) the grid potential of V2 
is shown slightly positive while the anode 
potential falls abruptly due to the heavy 
current flowing through this valve. The 
relaxation period is indicated by the 
region bc in graph (a) during which the 
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Fic.15-50 Operation of a symmetrical multi- 
vibrator. 


grid potential of V; returns to cut-off. 
The anode potential of V; remains at 
H.T. during this period. The anode 
potential of V2 rises only slightly as its 
grid voltage drops to zero. The second 
switching action takes place from c to 
d in graph (a) as the grid of V; is driven 
positive. The anode potential of this 
valve falls steeply from c to d. The 
grid of V2 is driven negative beyond 
cut-off and its anode potential rises to 
H.T. The second relaxation period is 
completed in the time indicated by de 
in graph (a). During this period the grid 
potential of V2 rises to its cut-off value 
to complete the cycle. » 

The anode waveforms depart con- 
siderably from rectangular shapes be- 
cause of two factors. 
of graph (b) the valve may be cut off 
instantaneously but the anode potential 
cannot rise more rapidly than the anode- 
grid coupling capacitor can charge up. 
This causes a certain degree of integra- 
tion of the square waveform which is 
indicated by the exponential rise of ab 
in graph (b). 


In the region ab ° 
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On the other half of the cycle, the anode 
potential rises slightly from d to e, graph 
(b), because the grid potential decreases 
from a positive value at d to zero at e, 
graph (a). In order to maintain an 
abrupt switching action the circuit must 
be capable of amplification over the wide 
range of harmonic frequencies contained 
in the square waveform. This requires 
that the circuit be designed as a video 
amplifier. Multivibrators of this type 
may be made to operate at frequencies 
as low as one cycle per minute and 
as high as 100,000 cycles per second. 


(0) 
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_ Fia.15-51 Oscillograms of voltage waveforms 
in a symmetrical multivibrator. 
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Fig. 15-51 shows actual photographs of 
the multivibrator waveforms as they 
appear on an oscilloscope. 


B. Unsymmetrical Multivibrator 


An unsymmetrical or unbalanced multi- 
vibrator is one in which the coupling 
capacitor and grid-leak resistor associated 
with one valve has a longer time con- 
stant than that associated with the other 
valve. The circuit diagram of such a 
multivibrator is the same as that of the 
symmetrical multivibrator shown in Fig. 
15-48. If the time constant of CR, is 
greater than that of C2R3, the time re- 
quired for the grid potential of V2 to 
return to cut-off will be greater than the 
corresponding time for V;. Hence the 
anode potential of V, is high for a com- 
paratively short time and low for a 
longer time during each cycle. The re- 
verse is true at the anode of V2 as shown 
in Fig. 15-52. <A circuit of this type 
may be used to produce a square pulse 
of voltage of any required duration less 
than the period of the whole multi- 
vibrator cycle which can have any re- 
quired repetition rate. 
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Fra.15-52 Operation of an unsymmetrical 
multivibrator. 


Fia.15-53 Synchronized multivibrator. 


C. Synchronized Multivibrator 


The frequency stability of free-running 
multivibrators is poor and consequently 
they are not widely used as such in radar 
equipment. Multivibrators are usually 
made to operate at a specific frequency 
by a synchronizing voltage applied to 
one of the electrodes. Almost any wave- 
form of syne. voltage may be used. A 
sine wave or a series of pulses is usually 
most convenient. An unsymmetrical 
multivibrator is shown in Fig. 15-53 in 
which positive sync. pulses of uniform 
amplitude and frequency are applied to 
the grid of V; through capacitor C3. The 
multivibrator is made to begin a new 
cycle of operations by every fifth sync. 
pulse applied to it. That is, the multi- 
vibrator operates at a frequency equal 
to one fifth of the repetition rate of the 
sync. pulses. 

Voltage waveforms for this circuit are 
shown in Fig. 17-54. Graph (a) shows the 
waveform of voltage at the grid of V; 
when no synchronizing pulses are applied. 
The duration of the period ab in graph 
(a) is determined by the time constant of 
C,R, while the time bc is controlled by 
the time constant of C2R3. The syne. 
pulses applied to the grid of V; are shown 
in graph (b). These pulses are super- 
imposed upon the grid voltage as shown 
in graph (c). The first sync. pulse applied 
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Fia.15-54 Operation of a synchronized multi- 
vibrator. 


after the beginning of the cycle makes the 
grid of V, slightly positive and its anode 
slightly less positive for an instant. This 
pulse, coupled through C, to the grid of 
V2 as a negative pulse has no effect on 
the duration of this half cycle as the grid 
potential of V2 is already below cut-off. 
Similarly pulses2,3 and 4 in graph (c) have 
no effect on the duration of the other half 
cycle. They raise the grid potential mo- 
mentarily as indicated in graph (c) but 
are not of sufficient amplitude to drive 
the grid above the cut-off value. Pulse 
5 however, raises the grid potential of V, 
above cut-off. Immediately current be- 
gins to flow through Vj, its anode poten- 
tial begins to fall and the grid of Vz is 
driven negative. The switching action 
initiated by the fifth pulse is carried on 
by the multivibrator circuit and a new 
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cycle is started. The effect of the sync. 
pulses then is to reduce the duration of 
one half cycle from that indicated by be 
in graph (a) to that indicated by ef in 
graph (c). Graphs (d), (e) and (f) have been 
included to show that all the sync. pulses 
except every fifth have no effect on the 
duration of the cycle. Pulses 2, 3 and 4 
do not appear at the anode of V;. They 
do not cause anode current to flow through 
the valve and so the anode potential 
remains at H.T. 

The multivibrator may be locked in 
with every fourth syne. pulse by reduc- 
ing the resistance of R3. This decreases 
the time constant of C,R; and causes the 
grid potential of V; to rise toward cut-off 
more steeply. The fourth sync. pulse 
may therefore become effective in driv- 
ing the grid above the cut-off potential 
and starting a new cycle. Circuits of this 
type may be used as frequency dividers 
with a division ratio as high as 1:10. The 
syne. pulses must be of uniform ampli- 
tude and repetition rate if the multi- 
vibrator is to be accurately controlled. 


D. Cathode-Coupled Multivibrator 


The cathode-coupled multivibrator 
shown in Fig. 15-55 differs from the 
types previously described in that the 
anode voltage of V2 is not coupled to 
the grid of V;. Instead, a switching 
action is provided by coupling the 
cathodes together through the common 
resistor R3. The grid of V; is maintained 
at ground potential by Ry. The duration 
of one half cycle is determined by the 
discharge time of C, through R;, Rs; and 
V,. The duration of the other half cycle 
is determined by the charging time of C, 
through R3, R; and the grid-cathode cir- 
cuit of V2 as well as through R; and Rs. 
A detailed description of the operation 
follows, together with voltage wave- 
forms in Fig. 15-56. 

If the L.T. and H.T. supplies are con- 
nected but the switch S is open, capacitor 
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Fie.15-55 Cathode-coupled multivibrator. 


C, will charge up to the full value of the 
supply voltage through R, and R;. The 
anode of V, will be at H.T. potential 
because no current will flow through R; 
after C, is charged. The anode of Vz is 
at H.T. potential since the cathode cir- 
cuit is broken. Both grids will be at 
zero potential due to Ry and Rs which 
are returned to ground. 

When S is closed, current may begin to 
flow through both valves developing 
voltages across R; and Ro. This causes 
the anode potentials of V; and V2 te fall 
from their initial H.T. potential. A fall 
in anode potential of V; causes C, to 
begin discharging through R; producing 
a negative voltage on the grid of V2. 
The current through this valve decreases 
and so the p.d. across the common 
cathode resistor R; also decreases. A 
less positive potential on the cathode of 
V, is equivalent to a more positive 
potential on the grid. V; conducts more 
heavily. Its anode potential drops 
sharply, and C, applies a more negative 
potential to the grid of V2. This process 
is cumulative and the current through 
Vz is quickly cut off. Although the 
sequence of events is described as though 
it takes place gradually, the switching 
action is completed in a very few micro- 
seconds as indicated by the steep wave- 
forms of Fig. 15-56. 

A relaxation period now takes place 
with V; conducting and V2 cut off. The 
grid potential of V2 rises exponentially 
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Fic.15-56 Operation of a cathode-coupled 
multivibrator. 


as C, discharges through R;,R3 and V, 
since the anode potential of V; is at a 
low steady value. When cut-off potential 
is reached, current again begins to flow 
through V2. A second switching action 
now takes place. The increased current 
through R; causes the cathode potential 
to rise. This is equivalent to a negative 
potential on the grid of V, and results 
in a decrease in current through this 
valve. Its anode potential therefore rises 
and C, begins to charge through R;. This 
places a positive potential on the grid of 
V2 causing it to conduct more heavily. 
When the grid of V2 is more positive 
than its cathode grid current flows and C, 
charges more quickly through A; and 
the grid-cathode circuit of V2 and Rj. 
The cathode potential rises sufficiently 
to cut off the current through V, and 
V,. is left in a heavily conducting state. 
This is indicated by time 6 in Fig. 15-56. 
The relaxation period of this half cycle 
consists of two parts. During the time 
indicated by be, the capacitor C, charges 
by drawing electrons from the grid of 
V2. The resistance of R3, V2 and R, is 
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Fia.15-57 Modified cathode-coupled multi- 
vibrator. 


comparatively small so that the positive 
grid potential decreases rapidly. At c, 
the positive grid potential equals the 
positive cathode potential and grid cur- 
rent ceases to flow. C, continues to 
charge through the greater resistance of 
R; instead of through R; and the cathode- 
to-grid circuit of the valve V2. This is 
indicated by the more gradual fall of 
grid potential from c to d. As the grid 
voltage decreases, the current through 
V. decreases and the cathode potential 
becomes less positive. At d, the cathode 
potential has fallen to the point where 
current again begins to flow through V, 
and a new cycle is started. 

A modification of the cathode-coupled 
multivibrator is shown in Fig. 15-57 in 
which separate cathode resistors R3 and 
Res are employed for V; and Vo, with 
capacitive coupling between them via 
Cy. The operation of the circuit is 
similar to that of the previous circuit 
during the time V2 is cut off. During this 
time there is no voltage across Rs and 
C, is charged to the voltage across R3, the 
positive plate being connected to the 
cathode of V;. The duration of this half 
cycle is determined as before by the dis- 
charge time of C; through R;, R3 and V;. 
When the grid potential of V2 rises above 
cut-off, current begins to flow through 
R, and the valve causing a rise in cathode 
potential. This causes C, to begin dis- 
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Frq.15-58 Electron-coupled multivibrator. 


charging, the electron flow being up 
through R3, Ve and Re. The rise in the 
cathode voltage of V; due to the extra 
electron flow through FR; causes the 
valve V, to conduct less current and its 
anode potential rises. C, then applies a 
positive voltage to the grid of Ve. The 
regeneration action causes V2 to conduct 
heavily while V;, is cut off. Meanwhile 
C, has completed its discharge and is 
charging up through R;, V2 and Rp. 
The voltage across R; produced by this 
charging current maintains V, cut off. 
The duration of this relaxation period is 
determined by the charging time of C2 
through R3, Ve and Ry. As C2 charges, 
the p.d. across Rs; decreases so that 
eventually current begins to flow through 
V, again. 


E. Electron-Coupled Multivibrator 


The electron-coupled multivibrator 
shown in Fig. 15-58 employs pentode 
valves instead of triodes. The cathode, 
control grid and screen grid of each 
valve perform the functions of cathode, 
grid and anode of the triode circuits in 
the basic multivibrator. When the con- 
trol grid of the conducting valve is 
positive permitting a large flow of cur- 
rent to the screen, the anode current is 
also a maximum. This develops a large 
p.d. across the anode load resistor and 
the anode potential is low. During the 
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Fig.15-59 Biased-off multivibrator. 


other half of the cycle when the control 
grid potential is below cut-off, no current 
flows to either the screen or the anode. 
The anode potential therefore rises to 
the supply voltage. The waveform pro- 
duced at the anode is similar to that 
produced at the screen grid.. The sup- 
pressor grid, which remains at ground 
potential, shields the multivibrator sec- 
tion of the valve from the anode 
circuit. In this way a square wave of 
voltage may be supplied by either anode 
to the following circuit without loading 
the multivibrator. Thus the frequency 
of oscillation is reasonably independent 
of the output circuit. 


F. Biased-Off Multivibrator 


A biased-off multivibrator differs from a 
free-running multivibrator in that it re- 
mains in a steady state until triggered 
by a pulse applied to one of its electrodes. 
When such a pulse is received, the multi- 
vibrator goes through one cycle of opera- 
tion and then remains in a quiescent state 
until triggered again. For this reason it 
is sometimes called a one-shot multi- 
vibrator. 

Fig. 15-59 shows a multivibrator of 
this type. Vj, is biased so that no current 
flows through this valve during its steady 
state condition. The grid is returned to 
ground potential through &; while the 


15:33 


Trigger pulses 
to grid of V 


Grid potential 9 
of V: 


eter, 


Anode potential 
of V1 


0 
Grid potential 
of Ve 


ef ka 


Anode potential 
of V> 


0) 


_Fia.15-60 Operation of biased-off multi- 
vibrator. 


cathode is maintained at a positive poten- 
tial from the voltage divider Re, R4 across 
the H.T. supply. This grid-cathode dif- 
ference in potential is made to exceed 
the cut-off voltage of the valve so that 
no current flows through V,. Its anode 
potentiai equals the H.T. voltage since 
no p.d. exists across AR, under these 
conditions. 

V2 is made to conduct heavily by 
returning both its grid and cathode to 
ground potential. The flow of anode 
current through RF; develops a large p.d. 
across this resistor so that the anode 
potential is relatively low. A stable or 
equilibrium condition therefore exists 
with V2 conducting and V, not conduct- 
ing current. 

A positive trigger pulse is applied via 
C, to the grid of V; of sufficient ampli- 
tude to overcome the bias and allow the 
valve to start conducting (Fig. 15-60). 
The flow of current through FR, develops 
a p.d. across this resistor causing the 
anode potential to fall. C2: therefore 
begins to discharge through R, and 
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applies a negative potential to the grid 
of Vo. The current flowing through this 
valve decreases and its anode potential 
rises. C3 therefore begins to charge 
through R; and applies a positive poten- 
tial to the grid of V;. The current 
through this valve which was initiated 
by the sync. pulse, is now increased by 
the positive grid potential due to the 
multivibrator action. The action is 
cumulative and takes place very rapidly 
because of the amplification of both 
valves. V, is made to conduct very 
heavily and V2 is cut off. The anode 
potential of V, falls to a minimum value 
while that of V2 rises to the supply 
voltage. 

A relaxation period follows during 
which C3 quickly completes charging due 
to grid current flow in V;. C: continues 
to discharge through Re, so that the 
negative potential on the grid of V2 de- 
creases exponentially. When the grid 
potential reaches cut-off, current again 
begins to flow through V2. Its anode 
potential falls and C; discharges through 
R;, making the grid of V; negative. The 
current through this valve decreases and 
its anode potential rises. This causes 
C, to begin charging through Rs and 
makes the grid potential of V2 positive. 
The cumulative action takes place again, 
this time causing V2 to conduct current 
and V, to be cut off. When this condi- 
tion is reached, V, remains in a non- 
conducting state due to the positive bias 
applied to its cathode. The by-pass 
capacitor C, maintains the cathode of 
this valve at a-c ground potential during 
the cycle. 

The output voltage of the multivibrator 
is a negative square pulse from the anode 
of V, or a positive square pulse from the 
anode of Vz. This square pulse begins 
when the trigger pulse is applied and 
continues for a period determined by the 
time constant of C2 and Rg, as indicated 
by the graphs of Fig. 15-60. 
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Fria.15-61 Cathode-coupled, biased-off multi- 
vibrator. 


Biased-off multivibrators may vary 
considerably as to the method of provid- 
ing the bias and coupling. A biased-off 
multivibrator with cathode coupling is 
shown in Fig. 15-61. Vis the conducting 
valve as its grid is returned to the cathode 
for zero bias. The cathode to anode cur- 
rent of this valve flows through the 
common cathode resistor making both 
cathodes positive to ground. The grid of 
V, is returned to ground through the 
grid-leak resistor. The p.d. across the 
cathode resistor provides the bias which 
maintains V, in a non-conducting state 
until a positive trigger pulse is applied. 
The multivibrator action is similar to 
that described for the cathode-coupled 
and biased-off multivibrators. The dura- 
tion of the cut-off period of V2 is de- 
termined by the discharge time of C. 
through R; and V;. When V2 conducts 
V, is driven well beyond cut-off. The 
time required for V, to return to its 
original biased-off state is determined by 
the charging time of C, through Ru, R; 
and V2, and R;. Beyond this recovery 
period, the trigger pulse becomes effec- 
tive in starting a new cycle. Thus the 
recovery period must be less than the 
period between trigger pulses. 


G. Eccles-Jordan Circutt 


The Eccles-Jordan circuit shown in 
Fig. 15-62 has two conditions of stable 
operation in which one valve conducts 
heavily and the other is cut off. When a 
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Fic.15-62 Eccles-Jordan circuit. 


negative pulse is applied to the two grids, 
the conducting valve is cut off and the 
non-conducting valve is made to con- 
duct. This condition continues until a 
second trigger pulse is applied causing 
the valves to reverse their operation 
again. The circuit resembles a symmetri- 
cal multivibrator with two important 
exceptions. 

(i) Direct resistance coupling is provided 
between the anode of each valve and 
the grid of the other. 

Gi) The common cathode potential is 
positive with respect to ground at 
all times by an amount greater than 
the cut-off voltage of the valves. 

A detailed description of the operation 
of the Eccles-Jordan circuit shown 
follows. 

V, is assumed to be the non-conduct- 
ing or off valve and Vz is the on valve. 
The cathode potential of both valves is 
30 volts since Rs is part of the voltage 
divider R;,Rs across the H.T. supply and 
since the anode current of the on valve 
flows through Rs. R, Re and RF; consti- 
tute another voltage divider across the 
H.T. supply which sets the anode poten- 
tial of V, at 275 volts and the grid volt- 
age of V2 at +31 volts. The flow of grid 
current in V2 through R2 and R, is 
partly responsible for setting these poten- 
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tials, as the grid of V2 is one volt positive 
to its cathode. The current flowing 
through V2 develops a large p.d. across 
R,. This current, together with that 
from the voltage divider Rs, R3 and Ry, 
sets the anode potential of V2 at 60 volts 
which is much lower than that of Vj. 
Consequently the grid potential of V, is 
also low, being about 15 volts. This grid 
potential is 15 volts negative to the 
cathode. This bias is greater than the 
cut-off voltage of the valve. V, remains 
biased off and Vz continues to conduct 
current until a trigger pulse is received. 

The trigger pulse is a negative voltage 
of short duration (Fig. 15-63) applied by 
way of the coupling capacitors C; and 
C, to the grids of V; and V, simultane- 
ously. This pulse has no effect on V, 
which is already cut off. It drives the 
grid of V2 negative, reducing the flow of 
current through this valve. The p.d. 
across R, is reduced and the anode poten- 
tial rises. The rising voltage is fed back 
through C4R; and Re to the grid of V,, 
overcoming its bias and causing it to 
conduct current. Its anode potential 
therefore falls, applying a negative volt- 
age to the grid of V2 through C3R, and 
R;. Thus the current through V2 which 
at first was reduced by the trigger pulse, 
is now further reduced by the regenera- 


15:36 


tive action of the circuit. The amplifica- 
tion of both valves causes V; to conduct 
heavily and V2 to be cut off. The 
circuit remains in this condition because 
of the reversal of the two anode voltages 
and consequently the reversal of the 
two grid voltages. 

C; and Cy, are omitted in some circuits 
of this type. The sudden change in 
anode voltage divides in the ratio of the 
coupling resistors R3, Re or R2, R; in the 
absence of the capacitor. In a typical 
example about one quarter of the change 
in voltage at the anode is applied to the 
grid of the opposite valve. With the 
capacitor connected in the circuit, a 
larger fraction of the change in the anode 
voltage is applied to the opposite grid, 
because the p.d. across the capacitor 
cannot change instantaneously. Thus 
the coupling capacitors serve to sharpen 
the triggering action of the valves. The 
resistor combination provides d-c coup- 
ling to maintain steady conditions be- 
tween pulses, while the capacitor provides 
a-c coupling during the triggering period. 

A square wave of voltage is obtained 
at either anode. The anode voltages are 
180° out of phase with each other, as 
indicated by the diagrams of Fig. 15-63. 


H. Transitron 


A square-wave generator employing a 
single pentode valve is shown in Fig. 
15-64. The circuit is known as a trans?- 
tron. The suppressor of the valve, which 
is ordinarily connected to the cathode, is 
coupled through C, to the screen grid. 
It is this unusual circuit connection which 
makes regeneration possible. Since the 
suppressor is mounted between the anode 
and screen, it has dissimilar effects on 
the currents flowing to these two elec- 
trodes. A positive voltage on the sup- 
pressor causes it to attract electrons from 
the cathode through the screen to the 
anode. This increases the anode current. 
A negative voltage on the suppressor 


FUNDAMENTALS OF RADIO 


Fic.15-64 Transitron square-wave generator. 


makes it repel electrons toward the 
screen. This causes an increase in screen 
current and a decrease in anode current 
without any appreciable change in the 
total current flowing through the valve. 
The grid is operated at cathode poten- 
tial or biased slightly negative. When no 
signal is applied, the cathode current 
through the valve divides, part flowing 
to the screen and part to the anode. 
When steady conditions have been 
reached, the anode and screen potentials 
remain at fixed positive values. The 
suppressor operates at ground potential 
due to Ry and the capacitor C2 is charged 
to a p.d. equal to the screen voltage. 
When a sharp positive pulse is applied 
to the control grid the current through 
the valve increases. The increase in 
screen current causes the screen poten- 
tial to fall. C. begins to discharge 
through Ry and the valve, developing a 
negative potential at the upper end of 
Rs which is applied to the suppressor. 
The suppressor repels electrons in the 
region between the screen and anode. 
This causes a further increase in screen 
current and a reduction of anode current. 
This cycle of events which was started 
by the trigger pulse on the control grid 
is now carried on by regeneration from 
the screen to the suppressor circuits. It 
takes place very quickly, causing the 
anode current to be cut off completely 
and the screen current to reach a maxi- 
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mum. During this time the anode volt- 
age rises suddenly to H.T. Regeneration 
in this direction stops when all the 
cathode current is flowing to the screen 
grid. 

A period of relaxation follows, during 
which the negative potential on the 
suppressor decreases as C, discharges 
through R, and the valve. When the 
suppressor potential becomes sufficiently 
less negative as the rate of discharge of 
C, decreases, current again begins to 
flow to the anode circuit. The screen 
current therefore decreases and the screen 
potential rises. C2 now begins to charge 
through R,and R, making the suppressor 
positive. The anode current increases 
rapidly and the screen current decreases 
until both have resumed the values they 
had before the trigger pulse was applied. 
The output voltage, taken from the 
anode of the valve is a positive square 
wave which rises suddenly when the 
trigger pulse is applied and falls sharply 
at a later time. The duration of the 
output square pulse is determined by the 
discharge time of C, through R, and the 
valve and may be varied by adjusting R,. 


I. Transitron Sine-Wave Oscillator 


A slight modification of the transitron 
square-wave generator just described is 
all that is required to make it generate a 
sine wave. This is made possible due to 
the fact that a square wave of voltage 
consists of a sine wave at a fundamental 
frequency and an infinite number of odd 
harmonics at the proper amplitudes. The 
fundamental frequency is the frequency 
of the square wave. The circuit modi- 
fication causes just one of the sine wave 
components to be selected as the fre- 
quency of oscillation. 

The transitron circuit of Fig. 15-65 
contains a high-Q oscillatory circuit LCi, 
instead of a resistor in the screen circuit. 
This has the effect of making regenera- 
tion very large at the resonant frequency 
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to which this circuit is tuned. Voltages 
at all other frequencies are so small as 
to be negligible in the output, so that a 
sine wave of voltage is developed across 
L,C,. When the switch S is closed in the 
circuit, current flows to the anode and 
screen circuits. The increasing screen 
current develops a p.d. across L; which 
charges C;. Thus energy is supplied to 
the oscillatory circuit and oscillations are 
started. As the screen potential falls, 
due to the increasing voltage across Lj, 
C, discharges somewhat through R, caus- 
ing a negative voltage at the upper end 
of R,. This negative potential is applied 
to the suppressor grid, causing the anode 
current to decrease and the screen cur- 
rent to increase. This supplies more 
energy to the oscillatory circuit. The 
effect is cumulative to the point of 
screen current saturation. The oscilla- 
tion then reverses in L,C, and the screen 
potential rises. This in turn causes C2 
to re-charge somewhat, producing a posi- 
tive voltage at the top of R and hence on 
the suppressor. The screen current 
therefore decreases, a condition neces- 
sary to prevent degeneration in L,C,; 
during this half cycle. The suppressor 
therefore causes the screen current to 
increase and decrease at the frequency 
of the oscillations in L,C;. This is the 
same condition which maintains oscilla- 
tion in the anode circuit of a series-feed 
oscillator. The frequency of oscillation 
is controlled by L,C; and may be varied 
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by adjustment of either of these com- 
ponents. 

15.5 Resistance-capacitance sine- 
wave oscillators. A two-valve amplifier 
circuit in which the output of each valve 
is resistance-capacitance coupled to the 
input of the other valve oscillates and 
generates a square wave of voltage. Since 
the square wave contains sinusoidal com- 
ponents at many frequencies regeneration 
must be taking place at all of these 
frequencies. This oscillator may be 
modified to produce a sine wave output 
by using a frequency-selective coupling 
network to eliminate the amount of re- 
generation required for oscillation at all 
frequencies except one. A Wien-bridge 
oscillator is an example of this type of 
circuit (Fig. 15-66). This oscillator is 
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useful for producing an audio-frequency 
output voltage of almost constant ampli- 
tude and sinusoidal waveform over the 
entire range of audio frequencies. 

V, is an amplifier coupled by C4 to the 
grid of V2. The output of amplifier V2 
is in turn coupled through C3; to the 
input of V;. This voltage is impressed 
upon the frequency-selective coupling 
network which is a Wien-bridge consist- 
ing of Ri, Ci, RC2, Rs, and Ra. The 
voltage developed across the centre of 
the bridge is the feedback voltage ap- 
plied between grid and cathode of V;, 
as shown in Fig. 15-67. In the following 
paragraphs this feedback is considered 
to consist of two parts, a regenerative 
part and a degenerative part. The out- 
put of V2 provides these two parts. 

The degenerative or negative feedback 
is applied from the anode of V2 to the 
cathode of V; through C3, R3 and R4. 
When the grid potential of V;, rises, its 
anode potential falls. This falling poten- 
tial is apphed to the grid of V2 causing 
its anode potential to rise. The rising 
potential from V2 is applied by means of 
the voltage divider R3, Ry to the cathode 
of V;. But a rising cathode potential on 
V; is equivalent to a fall in its grid 
potential. Thus there is degenerative 
feedback which remains constant in am- 
plitude and phase for all frequencies 
since the resistances of R3 and Ry, are 
constant (Fig. 15-68). 

Regenerative or positive feedback is 
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applied from the anode of V2 to the grid 
of V, through C,, Ri and C2R,. As 
before, a rise in the grid potential of V, 
causes a rise in the anode potential of 
Vo. This in turn causes a rise in voltage 
across R, and C2 and raises the grid 
potential of V, further. Thus there is 
regenerative feedback across R, which 
varies in amplitude and phase with vary- 
ing frequency due to the presence of C; 
and C,. The ability of this regenerative 
feedback to overcome the degenerative 
feedback and cause oscillation is greatest 
when its amplitude is a maximum and 
it is in phase with the output of V». 
The manner in which the amplitude 
of the regenerative feedback varies with 
frequency is shown in Fig. 15-68. If the 
feedback voltage were of high frequency, 
the reactance of C2 would be small 
compared with R,; and Re. Most of this 
voltage would appear across R, and only 
a small proportion would be applied to 
V,. On the other hand, if the feedback 
voltage were of low frequency the re- 
actance of C, would be large in compari- 
son with the resistance of R, and fz. 
Consequently most of the feedback volt- 
age would be developed across Ci and 
very little would be applied to V;. At 
some intermediate frequency fo there- 
fore, the positive feedback from V2 to 
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V, becomes a maximum. The curve is 
rather flat in the region about fo. 

It may be shown that at this same 
frequency f», the feedback voltage across 
Re is in phase with the output voltage 
from V2 (Fig. 15-69). 

The values of the bridge components 
are so chosen that the effect of the re- 
generative feedback having maximum 
amplitude combined with the in-phase 
condition cause the degenerative feed- 
back to be just overcome so that oscilla- 
tion takes place at the frequency f,. The 
frequency at which the circuit oscillates 
is given by 

1 


toa 2n/RiC: RoC, 

In the practical circuit R; and Re are 
made equal and C; and C, are made 
equal. Thus RiC; = RC. and the fre- 
quency of oscillation is given by 


Jo = ORG, 

Now, the frequency is inversely pro- 
portional to the capacitance instead of 
the square root of the capacitance so 
that a 10-1 frequency range is obtained 
with variable capacitors of the type used 
in broadcast receivers. The frequency 
range of the oscillator is divided into 
bands. The change from one band to 
another is accomplished by the switching 
of R, and R, simultaneously so that R, is 
always equal to R.. Continuous varia- 
tion of frequency within the band is 
made possible by adjusting C; and C2. 
These two capacitors are ganged so that 
their capacitances are always equal. 

The cathode resistor of V; is a low- 
power tungsten lamp. Its purpose is to 
maintain the amplitude of oscillations 
constant over the operating range of 
frequencies. If the oscillations tend to 
increase, the current through the lamp 
increases. The filament becomes hotter 
and its resistance increases. Thus, there 
is a greater negative feedback voltage 
developed across the lamp. The in- 
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creased degeneration reduces the gain of 
V, and holds the output from Vi at 
nearly a constant amplitude. 

15.6 Counting circuits. A counting 
circuit or frequency divider is a circuit 
which produces one output pulse for 
every two or more pulses applied to the 
input. Such circuits may be designed 
to operate reliably with frequency ratios 
from 1:2to 1:10. Three types of counting 
circuits are in common use. The choice 
of circuit for a particular application is 
largely determined by the uniformity of 
frequency and amplitude of the input 
pulses. The circuits are discussed in the 
following sub-sections. 

A. Scale-of-Two Counters 

An Eccles-Jordan circuit requires two 
trigger pulses in the input circuit to 
produce one complete cycle of operation. 
By developing one output pulse from 
each cycle of operation, a 2:1 step down 
in frequency is achieved. Several Eccles- 
Jordan circuits connected in series may 
be used to produce output pulses at a 
submultiple of the input frequency. These 
circuits are referred to as scale-of-two, 
scale-of-four, scale-of-eight, etc. counters. 

B. Ring Circuits 

It is possible to connect several valves 
in series in a ring circuct with the output 
of each valve providing the input to the 
next in the ring. One valve is made to 
conduct current and all others are 
biased-off. When a trigger pulse is 
applied to all valves simultaneously, the 
conducting valve is turned off and the 
next valve in the series is turned on. The 
succeeding pulse turns off this latter 
valve and turns on the next in the ring. 
Thus if five valves are connected in a 
ring, any one valve responds to every 
fifth trigger pulse and a frequency divi- 
sion of 5:1 is achieved. One of these 
valves operates a counting relay which 
therefore is caused to respond to every 
fifth trigger pulse. 
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Fic.15-70 Step-by-step counting circuit. 


C. Step-by-Step Counters 

This type of circuit employs the 
principle that the p.d. between the plates 
of a capacitor increases in proportion to 
the amount of charge stored in the 
capacitor. Each input pulse is used to 
add one unit of charge to a storage 
capacitor. A definite number of these 
units is required to build up the p.d. on 
the capacitor to a predetermined value. 
When this value is reached, a following 
circuit is triggered which executes one 
cycle of operation and discharges the 
storage capacitor. A new series of charg- 
ing steps then begins. Successful opera- 
tion of this circuit requires that the 
amplitude of the input pulses remain al a 
constant value. The recurrence fre- 
quency of the pulses must not vary widely 
from the frequency for which the counter 
is adjusted. 

A step-by-step counter is shown in 
Fig. 15-70. It consists of two diode valves 
V, and V2 connected so that one con- 
ducts when the input voltage rises and 
the other when the input voltage falls. 
The input pulses which are usuall: 
square are applied to the diodes by way 
of a small differentiating capacitor C,. A 
larger storage capacitor C, supplies a 
signal to the grid of V3. This valve is 
connected in a blocking-oscillator circuit 
and is normally in a biased-off con- 
dition due to a positive potential applied 
to its cathode from the voltage divider 
Ri, Re. 


Positive pulses to be counted are ap- 
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plied to the input terminals. When the 
input voltage rises, C; charges up through 
Vo and C2. V, does not conduct during 
this time as its cathode is positive with 
respect to its anode. A charge is built 
up on C2, however, and its voltage rises 
one step. When the input voltage falls 
at the end of the pulse, C; discharges 
through V;. V2 does not conduct during 
this period because its anode is made 
negative to its cathode. Since there is no 
path for discharge of C, during this time, 
it maintains its voltage. When the next 
input pulse is applied to the diode, an 
additional charge is added to C, by the 
charging of C;. The p.d. across C2 there- 
fore increases another step. As this 
sequence continues, the potential on the 
upper plate of C2 rises step by step. This 
potential is applied through the left 
winding of the pulse transformer to the 
grid of V3. When this potential over- 
comes the bias potential imposed by the 
cathode, current begins to flow through 
the valve. A blocking-oscillator cycle 
takes place developing first a sharp drop 
and then a rise in anode potential provid- 
ing the output as shown in Fig. 15-71. 
C, is discharged by grid current flow 
during the blocking-oscillator first half 
cycle and a new sequence of charging 
steps is begun. The counting ratio may 
be controlled by R: which sets the 
cathode bias for the valve. If the posi- 
tive potential on the cathode is increased, 
more charging steps are required to cause 
the blocking oscillator cycle to take 
place. C3 is a by-pass capacitor across Rez 
and supplies the pulse of current re- 
quired by the valve during its conduct- 
ing period. 

Fig. 15-71 shows the waveforms of the 
square voltage pulses applied to the 


15.7 Questions and problems. 
1. Explain the purpose of a clipping 
circuit. 
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input, the rising p.d. across the storage 
capacitor and the output voltage from 
the anode of V3. The diagram shows the 
operation of the circuit adjusted to pro- 
duce one output pulse from five input 
pulses. The voltage across the storage 
capacitor follows an exponential trend 
during the charging steps. Each succeed- 
ing step is smaller than the previous 
step because the input voltage must 
overcome the voltage across C2 before V2 
conducts. 

Step-by-step counters operate most 
satisfactorily from pulses of constant 
recurrence frequency as well as constant 
amplitude. Leakage losses from the 
storage capacitor limit the time the 
capacitor can retain its charge between 
pulses. If part of the charge leaks off 
the storage capacitor between pulses, 
more charging steps are required to 
trigger the blocking oscillator. This may 
be compensated for by reducing the 
cathode bias provided the pulses arrive 
at a steady rate in the input. 


2. Draw a positive-clipping circuit using 
a series diode and explain its action 
with the aid of waveform diagrams. 
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6. 


10. 


ll. 


12. 


13. 


. (a) Draw a 


._ Draw a diagram of a negative- 


clipping circuit using a parallel diode 
and explain its action illustrating the 
waveforms. 


diagram of a negative- 
clipping circuit using a biased 
diode. 

(b) Explain its action if the input 
voltage is a sine wave of 15 volts 
amplitude and the bias is ob- 
tained from a 10-volt battery. 


. Draw a circuit which will limit the 


amplitude of an input sine wave to 
6 volts in both the positive and nega- 
tive directions. 


Draw a circuit which will clip an 
input sine wave of 15 volts amplitude 
and provide an output which con- 
sists of the negative peaks of the 
input varying between —12 volts 
and —15 volts. 


. (a) Show by means of a diagram 


how the circuit of question 6 can 
be modified to produce an a-c 
output which consists of nega- 
tive pulses. 


(b) Explain the action of this circuit. 


. Draw a grid-clipping circuit and ex- 


plain its action. 


. Draw a modification of the circuit of 


question 8 to produce increased grid 
clipping. 


Explain the action of a saturation 
limiting circuit using diagrams. 


Explain the action of a cut-off limiter 
using diagrams. 


Draw the circuit of an over-driven 
amplifier and explain its action as a 
clipping circuit. 


Explain the purpose of a clamping 
circuit drawing waveforms to illus- 
trate its operation. 
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Explain, using diagrams of wave- 
forms, how a clamping circuit differs 
from a clipping circuit. 


(a) Draw a circuit of a diode clamper 
producing an output which is 
clamped to the negative side of 
ground potential. 

(b) Explain its action using wave- 
form diagrams if the input is a 
square wave voltage varying be- 
tween 25 volts and 75 volts. 


Draw a circuit which will clamp a 
square-wave input voltage varying 
between 25 volts and 75 volts to the 
positive side of —15 volts. 


Explain in detail the operation of the 
circuit of Fig. 15-22. 


Explain in detail the operation of the 
circuit of Fig. 15-23. 


Draw a grid-clamping circuit and 
explain its operation if the input 
voltage is a square wave varying 
between +10 volts and +30 volts. 


Explain how different sawtooth sweep 
voltages of the same amplitude and 
frequency but with different sweep 
times can be applied to c.r.t. so that 
the trace starts from the same posi- 
tion on the screen for each sweep 
voltage. 


(a) Draw the waveform of a trigger 
pulse voltage. 

(b) Explain the meaning of the terms 
pulse duration, pulse repetition 
rate and leading edge as applied 
to the trigger pulse voltage. 


What is the purpose of a differen- 
tiating circuit? 


(a) Draw the diagram of an R-C 
differentiating circuit. 

(b) Explain its action with diagrams 
if the input voltage is a square 
wave varying between 25 volts 
and 75 volts. 
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What is the purpose of an integrat- 
ing circuit? 


(a) Draw a diagram of an integrat- 
ing circuit. 

(b) Describe its operation showing 
waveforms when a square wave 
voltage is applied which varies 
between +25 volts and +75 
volts. 


Draw the circuit of a shocked oscil- 
lator which produces a train of oscil- 
lations when a negative square pulse 
is applied and explain its operation. 


Draw the circuit of a shocked oscil- 
lator which produces half cycles of 
oscillation when a square wave input 
voltage is applied and describe its 
operation. 


Explain the purpose of a gate pulse. 
What is a blocking oscillator? 


What is a free-running blocking 
oscillator? 


Explain the operation of a free- 
running blocking oscillator giving a 
diagram of the circuit and voltage 
waveforms. 


What determines the duration of the 
quiescent period in the free-running 
blocking oscillator? 


What is a synchronized blocking 
oscillator? 


Draw the circuit for a synchronized 
blocking oscillator and explain its 
operation using waveforms to illus- 
trate. 


What determines the pulse duration 
in the synchronized blocking oscil- 
lator? 


. What determines the pulse repetition 


rate in the synchronized blocking 
oscillator? 
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Draw the circuit for a biased-off 
blocking oscillator and describe its 
action with the aid of diagrams. 


Explain how the biased-off blocking 
oscillator may be triggered by a sine 
wave input voltage to produce one 
output cycle for every five cycles of 
sine wave input. 


Draw the circuit of a thyratron pulse 
former and describe its operation. 


Describe the charging action of the 
discharge line shown in Fig. 15-44. 


Describe the discharging process of 
the discharge line of question 40. 


Draw a circuit which uses a dis- 
charge line to produce large, sharp, 
output pulses when triggered by 
small input pulses. 


Draw the circuit of a basic symmetri- 
cal multivibrator and explain its 
action by drawing the waveforms of 
the grid and anode voltages. 


What determines the time of each 
multivibrator half cycle? 


(a) What is the difference between a 
symmetrical and an unsymmetri- 
cal multivibrator. 


(b) Illustrate by drawing waveforms 
of the anode voltages. 


What circuit changes are necessary 
in the circuit of question 43 to make 
it an unsymmetrical multivibrator? 


Show by means of waveforms how 
the basic multivibrator may be syn- 
chronized to produce one cycle of 
output voltage for every eight input 
pulses. 


Draw the circuit of a cathode-coupled 
multivibrator and explain its action 
using waveforms to illustrate. 
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Explain the difference in operation 
between the circuit of question 48 
and the modified cathode-coupled 
multivibrator. 


Draw the circuit of an electron- 
coupled multivibrator and explain 
its similarity to the basic multi- 
vibrator. 


What is the advantage of the elec- 
tron-coupled multivibrator over the 
basic multivibrator? 


How is a biased-off multivibrator 
different from a free-running multi- 
vibrator in operation? 


Draw the circuit of a_biased-off 
multivibrator and explain its opera- 
tion with waveforms. 


Draw the circuit of a cathode-coupled 
biased-off multivibrator and the 
waveforms of the input trigger volt- 
age and the output voltage. 


Explain briefly the purpose of an 
Eccles-Jordan circuit. 


Draw an Eccles-Jordan circuit and 
explain its operation using waveforms 
to illustrate. 


Draw the circuit of a transitron 
square-wave generator and explain 
its operation giving waveform dia- 
grams. 


(a) Draw the circuit of a transitron 
sine-wave oscillator and explain 
its operation. 

(b) What circuit difference exists 
between it and the transitron 
square-wave oscillator? 


What is the purpose of the Wien 
bridge in the Wien-bridge oscillator? 
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What are the conditions for oscilla- 
tion? 

Explain how the regenerative part 
of the feedback varies in amplitude. 


Explain how the degenerative feed- 
back is accomplished and why it 
remains constant. 


How do the values of Ri and Re, 
C, and Cy compare in a practical 


» Wien-bridge oscillator circuit? 
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Give the formula for calculating the 
frequency of oscillation in the prac- 
tical circuit of question 63. 


. Calculate the frequency of oscilla- 


tion of the oscillator of Fig. 15-66 if 
Ry = Rz = 500,000, and CF => C, 
= 300upF. 


(a) What use may be made of a 
Wien-bridge oscillator? 


(b) In what respects is it superior 
toan L-C type of audio oscillator? 


Explain the purpose of the tungsten- 
lamp resistor AR, in the circuit of 
Fig. 15-66. 


What is the purpose of a counting 
circuit? 


Explain the action of a scale-of-four 
counting circuit. 


Describe briefly the circuit arrange- 
ment and operation of a ring count- 
ing circuit producing a 4 to 1 step 
down in frequency. 


Explain briefly the principle of the 
operation of the step-by-step counter. 


Draw a step-by-step counting circuit 
and explain its action using wave- 
forms to illustrate. 


CHAPTER XVI 


RADAR INDICATORS 


The construction of the cathode-ray 
tube employing electrostatic deflection 
is described in Chapter I? The opera- 
tion of this tube in the cathode-ray 
oscilloscope is discussed in Chapter IV. 
Applications of this instrument include 
visual observation of periodic voltage 
waveforms, and the determination of 
frequency and phase relationships be- 
tween two voltages. Linear sweeps and 
sinusoidal sweeps are discussed in the 
description of the test oscilloscope. The 
present chapter deals more fully with 
cathode-ray tubes and the circuits asso- 
ciated with them for presenting infor- 
mation obtained by the receivers and 
transmitters of radar equipment. 

16.1 Types of scan. There are many 
methods in use for displaying the infor- 
mation obtained by the radar set. The 
various types of scan or presentation are 
designated by letters, A, B, C up to P. 
Of these, the types A, B and P are most 
widely used in Service radar and are 
described in detail. The other types are, 
for the most part, modifications of these 
presentations used to display various 
combinations of range, bearing and ele- 
vation of targets. 


A. The Type A Presentation 


The A scan uses an electrostatic 
cathode-ray tube with a linear sweep 
applied to the horizontal-deflection plates 
and is used to measure the time which 
elapses between the transmission of a 
radar pulse and the return of its echo. 
This is accomplished by applying to the 
top Y-plate of the c.r.t. a positive 
voltage pulse at the instant the trans- 
mitter is turned on or pulsed and another 


at the instant the echo is received. The 
first of these pulses is synchronized with 
the start of the sweep and appears as a 
vertical upright pip at the left end of 
the trace. The echo pulse produces a 
second vertical pip farther along the 
trace. The distance between these two 
pips represents the total time taken for 
the transmitter pulse to travel to the 
target and the echo to return. Since the 
sweep is linear, a uniformly calibrated 
range scale may be fixed to the screen of 
the oscilloscope for measuring range 
directly. The zero mark of the scale is 
set opposite the transmitter pulse and 
the range is read from the scale opposite 
the echo pulse as indicated in Fig. 16-1. 
The duration of the sweep is determined 
by the desired range of the radar set. 
For example, if the 20-mile range scale 
is in use the time required for the sweep, 
which is the time required for a trans- 
mitter pulse to travel to a target 20 
miles away and return, is 20 X 12.4 = 
248 microseconds, since it takes 12.4 
microseconds for a pulse to travel to a 
target one nautical mile away and return. 
There is a short waiting period before 
the next transmitter pulse is sent out 
and the sweep starts. 

The bearing of the target is determined 
by the use of a highly directional aerial. 


Transmitter pulse 
Signal _Licho pulses 


amplitude Receiver noise (grass) 


Range scale 
(nautical miles) 


Range 
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The amplitude of the echo pulse is 
observed as the aerial is rotated. When 
the echo pulse reaches a maximum ampli- 
tude on the c.r.t., the aerial is pointing 
in the direction of the target, and its 
bearing may be noted. This type of 
scan is widely used in surface-warning 
radar sets. 


B. The Type B Presentation 


A type B scan presents both range and 
bearing information of the target on the 
c.r.t. This type of presentation is 
illustrated in Fig. 16-2. The targets 
appear as bright spots on the screen. 
The position of the spot above the base 
line is a measure of the distance between 
the radar set and the target. The 
displacement of the spot from the verti- 
cal centre line indicates the bearing of 
the target relative to the ship’s head. 
Target 1 is dead ahead at 15 miles, 
target 2 is 70° port at 10 miles and target 
3 is 45° starboard at 4 miles distance. 

This presentation is effected by pro- 
ducing a linear sweep in a vertical 
direction on the screen beginning at the 
base line when the transmitter is pulsed. 
The entire sweep is shifted in a horizon- 
tal direction, synchronized with the bear- 
ing of the transmitting and receiving 
aerial. For example the first sweep is 
started at the 90° position at the left 
end of the base line when the aerial is 
pointing 90° port. The transmitter is 
pulsed and the sweep started simul- 
taneously at this point. As the trans- 
mitter pulse travels to the target and 
the echo returns, the sweep progresses 
vertically upward from the starting 
point. If an echo is received during this 
sweep, if is applied as a positive pulse 
to the grid of the c¢.r.t. momentarily. 
The electron beam, which is normally 
biased off, is allowed to pass through the 
ce.r.t. and strikes the screen at a point 
which therefore indicates the range and 
bearing of the target. When this sweep 
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is completed, the electron beam is re- 
direcied to the base line. It is then 
shifted 1° to the right, or to the position 
designated as 89° port. At the same 
time the aerial is re-directed from 90° to 
89° port. A new sequence of transmitter 
pulsing and indicator sweeping then 
takes place. The entire rectangular area 
on the screen is scanned very rapidly as 
the aerial sweeps from 90° port to 90° 
starboard. The aerial is switched back 
to 90° port and a new series of sweeps 
initiated on the left side of the c.r.t. 
Screens having long persistence of vision 
are used in this type of presentation. 
The target pulses are presented with 
sufficient rapidity that the pattern fades 
only slightly between scans. 


C. The Type P or PPI Presentation 


A plan-position indicator (PPI or type 
P) scan is a bearing and range presenta- 
tion of all targets which lie around the 
radar set within its range. The radar 
set position occupies the centre of the 
screen. Targets due north of the set 
appear as bright spots along a line from 
the centre to the top of the c.r.t. The 
range to the target is indicated by the 
distance from the centre of the screen to 
the bright spot. A typical PPI presen- 
tation is shown in Fig. 16-3. A linear 
sweep is started from the centre of the 
screen each time the transmitter is pulsed. 
The sweep proceeds radially from the 
centre as the pulse travels out from the 
radar set and the echo returns. The 
direction of the sweep corresponds to 
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the direction in which the aerial is point- 
ing during that sweep. The vertical 
sweep above the centre of the tube takes 
place when the aerial is pointing due 
north. If an echo is received, it is applied 
as a positive pulse of voltage to the grid 
of the tube. It overcomes the normally 
biased-off condition of the electron beam 
and causes a bright spot to appear on 
the screen. Land echoes appear as large 
patches of brightness on the front of the 
tube. The aerial is made to rotate 
continuously through 360° as the sweep 
rotates in the PPI tube. The entire 
presentation is repeated with sufficient 
rapidity that the pattern barely fades 
out between successive sweeps. ‘This 
type of presentation is of particular value 
as a general viewing scan. It has the 
advantage over the other types that all 
targets within range and with any bear- 
ing may be kept under observation at 
one time. 


D. Other Types of Presentation 


While the type A, type B and PPI 
scans are the most widely used presenta- 
tions in Service radar equipments, other 
types of scans are sometimes used to meet 
particular requirements; these types are 
lettered C, D, etc. Reference is made 
here to the type C presentation which 
is a plot of elevation against bearing. 
The circuits used to produce the sweeps 
are described in later sections of this 
chapter. 

A C scan presentation is shown in Fig. 
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16-4. Since range is not given by this 
presentation, the linear time base em- 
ployed in the A and B scans is not used 
as such. At any instant the electron 
beam is directed to a particular spot on 
the ¢.r.t. screen which corresponds to 
the direction in which the aerial is point- 
ing relative to the line of flight of the 
aircraft containing the radar set. The 
transmitter is pulsed and a period of 
time allowed to elapse for the return of 
the echo. During this time the electron 
beam is directed to a fixed spot on the 
screen, but the tube is biased off. If an 
echo is received, the bias is removed 
momentarily and a bright spot is pro- 
duced on the screen. The active area of 
the c.r.t. is scanned as the aerial scans 
the area bounded by 90° port to 90° 
starboard and 45° above to 45° below 
the line of flight. When the antenna is 
directed 90° port and 45° upward, the 
beam is directed to the upper left corner 
of the c.r.t. For the next transmitter 
pulse, the antenna is shifted from 90° 
to 89° port and the beam is re-directed 
one unit to the right. When the top 
line of the c.r.t. has been covered, the 
angle of elevation of the antenna is 
reduced and the electron beam is dropped 
a corresponding amount in the c.r.t. 
Target 1 is 20° to port and 40° above 
the line of flight. Target 2 is dead ahead 
while target 3 is 80° to starboard and 15° 
below the line of flight. 

16.2 Linear sweeps for electrostatic- 
deflection tubes. A linear sweep is one 
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in which the electron beam is deflected 
from one side of the c.r.t. to the other 
at a uniform rate. This causes the spot 
of light to move equal distances across 
the screen in equal times. A fixed scale 
attached to the front of the tube is 
calibrated to read the distance between 
radar set and target. It is important 
that the sweep be linear in order that 
equal spaces on the scale may correspond 
to equal distances traversed by the radar 
pulse. This requires that the deflection 
voltages applied to the X-plates rise or 
fall at a uniform rate during the sweep. 


A. Oscilloscope Sweep Generators 


A linear sweep voltage generator used 
in a test oscilloscope is described in 
Chapter IV. The sweep voltage is 
obtained from a capacitor C by permit- 
ting it to charge through a resistor R 
(Fig. 16-5). A thyratron valve is con- 
nected in parallel with the sweep capaci- 
tor to act as a switch. While the valve 
is biased off due to the bias battery it 
acts as an open circuit and permits the 
capacitor to charge. When the valve is 
caused to conduct by a syne. pulse it 
acts as a short circuit discharging the 
capacitor quickly. The voltage across 
the valve drops to the de-ionization 
potential, the valve stops conducting and 
C begins to charge again. The RC time 
constant is being compared to the time 


FUNDAMENTALS OF RADIO 


Fig.16-6 Sweep generator using high-vacuum 
triode. 


between sync. pulses. A sawtooth volt- 
age is developed across the capacitor as 
indicated by the waveform in Fig. 16-5. 
The sweep voltage is actually part of an 
exponential rise toward the potential of 
the charging source. The sweep is 
maintained fairly linear by employing 
only 10% or less of this complete voltage 
rise. Alternative sweep generating cir- 
cuits are described in the following 
paragraphs. Various methods of improv- 
ing linearity are suggested. 

In the sweep generator circuit of Fig. 
16-6 a vacuum triode is used instead of 
a thyratron. The sweep capacitor C3 
is connected in parallel with the valve 
and its cathode circuit. The valve is 
normally biased beyond cut-off by a 
positive potential on its cathode from 
R,, Rs. Since no current flows through 
the valve in this condition it acts as an 
open switch. C3 therefore begins to 
charge exponentially through R» toward 
the supply voltage. When a small frac- 
tion of this voltage has been built up on 
C3, however, a positive voltage pulse is 
applied to the grid of sufficient amplitude 
to overcome the bias and make the valve 
conduct heavily. C3 discharges through 
R4C, and the valve. The anode potential 
and sweep voltage fall to a low value in 
a short time producing the fly-back 
portion of the sweep voltage. The posi- 
tive pulse is then removed from the grid 
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Fie.16-7 Voltage waveforms of a triode sweep 
generator. 
and the valve again stops conducting. 
C’; again begins to charge through Rz to 
produce another forward sweep. The 
p.d. across C; is allowed to rise and fall 
only a small fraction of the supply 
voltage so that the sweep is practically 
linear. C2 is a by-pass capacitor across 
R, to maintain a steady bias voltage 
across Ry. Waveforms of the input and 
output voltages are shown in Fig. 16-7. 
The periods ab and cd represent the 
times when the valve is made to conduct 
and the fly-back voltage is developed. 
The period bc represents the time when 
the valve is cut off and the sweep voltage 
is produced. 

If the duration of the positive voltage 
to the grid is extended, the valve con- 
ducts for a longer time than is required 
to discharge C3. The anode potential 
remains low during this time and the 
next sweep is delayed until the valve is 
again cut off. It is frequently necessary 
in radar circuits to allow a waiting 
period between the fly-back of one sweep 
and the beginning of the next sweep. 
The circuit just described is not the best 
type for this purpose as considerable 
driving power is required to maintain 
the grid positive in spite of grid current 
flow. The following circuit is better 
suited to this type of operation. 
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B. Triode Cut-off Sweep Generator 


The circuit of Fig. 16-8 differs from 
the preceding circuit in that the valve is 
normally made to conduct heavily in- 
stead of being cut off. This is accom- 
plished by connecting the grid to +H.T. 
through a large resistor R,. The flow 
of grid current through R, develops a 
large p.d. across R; which is almost equal 
to the full supply voltage. The grid 
therefore is only slightly positive to the 
cathode, the amount being just sufficient 
to maintain the flow of grid current. 

A large anode current also flows 
developing a large p.d. across Re. The 
anode potential is low and therefore the 
p.d. across the sweep capacitor is small. 
The input voltage to the grid of the 
valve is a negative square wave begin- 
ning when the sweep is to commence. 
This input must be of sufficient ampli- 
tude to drive the grid beyond cut-off, 
and must last for the duration of the 
sweep. The valve therefore becomes an 
open circuit and C, begins to charge 
through Re exponentially. When the 
negative voltage on the grid ends, the 
valve conducts heavily again. The sweep 
capacitor discharges quickly through the 
valve to its original p.d. This sudden 
fall in voltage across C, produces the 
back sweep in the c.r.t. <A waiting 
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Fig.16-9 Voltage waveforms of triode cut-off 
sweep generator. 


period then follows until the grid is again 
driven negative by the input negative 
square wave voltage. The waveforms 
of input and output voltages are shown 
in Fig. 16-9. If a shorter sweep time is 
desired, a negative square wave of 
shorter duration is applied to the grid. 
At the same time, in order to maintain 
the same sweep voltage amplitude, and 
hence the same length of trace, the C2R.2 
time constant must be made smaller. 
This means that C:, can be made to 
charge to the same p.d. in the shorter 
time. 


C. Constant-Current-Pentode 
Sweep Generator 


In the preceding sweep circuits the 
sweep voltage is provided by the 
charge of a capacitor through a resistor. 
This provides an exponential rise in 
voltage. The sweep voltage, however, is 
made fairly linear by using only a small 
part of the exponential rise. The sweep 
capacitor may be made to charge or 
discharge through a valve instead of a 
resistor. If the charging current of a 
capacitor is maintained constant, the 
amount of charge on the capacitor must 
increase at a uniform rate. Consequently 
the p.d. across the capacitor must 
increase at a steady rate. Similarly, 
if the discharge current of a capacitor 
is kept constant, its p.d. must fall 
linearly. The discharge current may be 
maintained constant by allowing the 
capacitor to discharge through a pen- 
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Fia.16-10 e,—%i, characteristic of a pentode 
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tode valve of the constant-current type. 
The e, — 2 characteristic curve of a sharp 
cut-off pentode valve is shown in Fig. 
16-10. The anode current is observed 
to be practically constant for any anode 
voltage in the range from 80 volts to 
300 volts. The anode-to-cathode d-c 
resistance of the valve is proportional 
to the anode voltage in this region of 
operation. A constant-current-pentode 
sweep generator is shown in Fig. 16-11. 
The pentode V2 is connected in series 
with a triode valve V, across the supply 
voltage. V, is made to conduct heavily 
with only a small part of the H.T. 
voltage between anode and cathode. 
This is accomplished by connecting the 
grid of the valve to +H.T. through a 
resistor Ry. The flow of grid current 
through R, develops a p.d. across it 
which limits the grid potential to a value 
which is slightly more positive than 
the cathode. 

The grid of the pentode valve on the 
other hand is biased somewhat negatively 
with respect to its cathode. The cathode 
current flowing through R; maintains 
the cathode at a positive potential while 
the grid is connected to ground. The 
sweep capacitor C3 is connected in 
parallel with V2. The screen dropping 
resistor R, and by-pass capacitor Cz 
complete the circuit. Most of the supply 
voltage appears between cathode and 
anode of V2 and the anode potential of 
this valve is high. The sweep capacitor 
is charged to the anode potential of Vo, 
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The input to the circuit is a negative 
square wave of voltage of large amplitude 
applied via C; across R»z to the grid of 
V, at the instant when the sweep is to 
begin in the c.r.t. (Fig. 16-12). This large 
negative potential at the grid of V; cuts 
off the current through this valve. This 
in effect, disconnects V2 and C; from the 
H.T. supply. C3 begins to discharge 
through R; and Ve. As C; discharges, 
the current through V2 remains constant 
and the p.d. across C’; decreases linearly 
as indicated in Fig. 16-12. The fall in 
anode potential is limited to the straight 
portion of the valve’s characteristic 
curve in order to maintain a constant 
discharge current. At the end of the 
sweep, the negative voltage on the grid 
of V; returns suddenly to normal. This 
valve conducts again and its cathode 
potential rises. C3 charges rapidly 
through V, producing the backsweep 
voltage. The output from V» is there- 
fore a negative-going sweep voltage 
which lasts for the duration of the 
negative voltage to the grid of Vi. 
The rate of discharge of C; is determined 
by the value of capacitance used and the 
resistance of R3 and the pentode. The 
variable resistor R; controls the bias on 
the valve and hence the magnitude of 
the discharge current. Thus #3 varies 
the amplitude of the sweep voltage. 
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The cathode by-pass capacitor is omitted 
from the circuit to introduce a measure 
of degeneration and improve linearity. 
If the discharge current tends to decrease 
during the sweep, the p.d. across R; 
tends to decrease. The bias on the valve 
therefore becomes less, which tends to 
increase the discharge current to its 
original value. 
D. Cathode Follower Feedback 
Circuit 

The linearity of the triode cut-off 
sweep discussed in B, may be considera- 
bly improved by the use of a cathode 
follower circuit with feedback to the 
sweep generator. Such a circuit is 
shown in Fig. 16-13. V;, is the sweep 
generator. This valve normally conducts 
heavily because of its positive grid con- 
dition. Its anode potential and therefore 
the voltage across the sweep capacitor 
are low. The grid of V2 is directly 
coupled to the anode of V;. Vz» in the 
cathode follower circuit conducts a small 
amount of current which raises its cath- 
ode potential above its positive grid 
potential. The feedback line is from 
the cathode of V2 through C, to the 
junction of R, and Rs; in the anode 
circuit of V,. 

When the input negative square wave 
voltage to the grid of V, cuts off the 
current through this valve, C3 begins to 
charge through R; and R» in the normal 
manner. The positive-going sawtooth 
voltage across C; is directly coupled to 
the grid of V2. As the potential of this 
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Fia.16-13 Cathode follower feedback circuit to 
improve linearity. 
point rises, the potential of the cathode 
also rises. This rising voltage is fed 
back through C2 to the upper end of Rs. 
The potential of this point rises as the 
sweep voltage increases. This effectively 
increases the supply voltage to the 
charging capacitor as the sweep pro- 
gresses. Since the output voltage of a 
cathode follower is almost as large in 
amplitude as its grid voltage, the upper 
end of R3 rises in potential almost as 
rapidly as the lower end. Therefore a 
constant current flows through Rs; and 
the sweep capacitor charges at a uniform 
rate. There is no voltage gain in the 
cathode follower circuit. Its purpose is 
solely to improve linearity. 

The operation of the circuit departs 
slightly from the ideal for three reasons. 
The output voltage of the cathode follower 
is never quite as large as its input. 
Hence the feedback voltage to the top 
of FR; is always slightly less than the 
rise in voltage at the anode of V;. Also 
C’; must charge slightly during the sweep 
so that the rise in potential on its left 
plate is a little less than the rise on the 
right plate. This loss in voltage is kept 
small by making.C, large. Finally, R» 
acts as a load on the feedback line in 
parallel with #3 and the charging circuit. 
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Fig.16-14 Cathode follower feedback circuit 
using a diode. 


Its effect may be made small by making 
Rk. large in comparison with R3. A 
better arrangement is to replace R2 by a 
diode valve with its anode connected to 
+H.T. and its cathode to R; and Cy 
(Fig. 16-14). 

When JV, is conducting V3; also con- 
ducts and since its impedance is very 
low the potential of the upper end of 
R; is nearly +H.T. When the negative 
square wave is applied to the grid of 
V, this valve is cut off. C3 begins to 
charge through R3. The rising voltage 
across C3 is applied to the grid of V2 
and causes a rise in voltage across Fz. 
This rise in voltage is coupled via C2, 
which has a large capacitance, to the 
upper end of R;. The upper end of #3 
rises above +H.T. potential and V3 
is cut off. Since the diode acts as an 
open circuit the potential at the top of 
R3 may rise well above the H.T. voltage. 
This action improves the linearity of the 
sweep voltage and also a larger sweep 
amplitude is obtained with a given 
power supply voltage. 


E. Sweep Integrating Circuit 


Another method of improving the 
linearity of a sweep voltage is shown in 
the circuit of Fig. 16-15. The sweep 
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Fic.16-15 Sweep integrating circuit to improve 
linearity. 
voltage is developed across two capaci- 
tors C3 and C4 in series. R3 and C4 com- 
prise an integrating circuit from the 
cathode of V2 to the lower side of C3. 
The waveforms of voltages across C3, 
C,and R, are shown in Fig. 16-16. The 
voltage across Cs rises rapidly at first 
but levels off somewhat as the charging 
current through R2 decreases exponen- 
tially. This is the source of non-linearity. 
The rising voltage at the grid provides a 
rising voltage at the cathode of V2 which 
is applied to the integrating circuit R3C4. 
This develops a voltage across C's which 
rises slowly at first and more rapidly as 
its applied voltage increases. The com- 
bined effect of these two rising voltages 
is applied to the grid of V2. If the value 
of R;is correctly chosen, the non-linearity 
of the sweep generator may be offset by 
the integrating effect of R;:C, and a 
linear sweep voltage results. 

Thus advantages of feedback from the 
cathode of V2 to the anode circuit of V; 
may be combined with that of integra- 
tion just described to provide a sweep 
voltage of good linearity and large 
amplitude without the use of an exces- 
sively high value of supply voltage. 


F. Miller Time-Base Generator 


The Miller time-base generator (Fig. 
16-17) employs a pentode valve with the 
sweep capacitor C, connected between 
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_ Fia.16-16 Voltage waveforms of sweep 
integrating circuit. 

anode and grid. In its steady state 
condition electrons flow in the valve 
from the cathode to the control grid 
and also to the screen grid. The grid 
current flowing through R, develops a 
large p.d. which maintains the grid 
potential at one volt, or less, positive to 
the cathode. The screen potential is 
also low, due to the flow: of screen cur- 
rent. No anode current flows during 
this time as the suppressor is maintained 
below the cut-off potential by the input 
square wave voltage. The anode poten- 
tial is therefore at H.T. and the sweep 
capacitor C2 is charged to almost the full 
H.T. voltage. 

When the sweep starts, the suppressor 
potential is raised to zero by the square 
wave of input voltage. This sudden 
rise in suppressor potential causes a 
sudden drop in anode potential from a 
to b (Fig. 16-18). In the absence of C%, 
a large anode current would begin to 
flow and the anode potential would fall 
suddenly to a very low value. A nega- 
tive square wave of voltage would then 
be applied across C2R2 to the grid of the 
valve as shown in Fig. 16-18 (b). This 
would result in an exponential rise in 
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Fic.16-17 Miller time-base generator circuit. 


grid voltage, Fig. 16-18 (c), and an 
exponential fall in anode voltage, Fig. 
16-18 (d). But the rising grid potential 
point and the falling anode potential 
point are connected by C2. Any non- 
linearity in the grid voltage is amplified 
by the valve and fed back through C2 
in anti-phase. That is, a sudden rise. in 
grid voltage would produce a sudden 
fall in anode voltage of greater magni- 
tude. This voltage, fed back through C, 
would counteract the initial rise in grid 
voltage assumed at the start. As a result 
the grid potential rises linearly as shown 
in Fig. 16-18 (e) and the anode potential 
falls linearly, Fig. 16-18 (f). 

This linear portion of the anode voltage 
waveform is used as the sweep voltage. 
The sweep is ended by the input voltage 
when it drops the suppressor potential 
below cut-off again. C. recharges through 
the grid-cathode circuit of the valve and 
R3. A valve with high gain is used in 
the Miller time-base generator to main- 
tain a high degree of linearity. 

The rate at which the anode voltage 
falls is determined by the values of C, 
and #2 as well as the voltage applied to 
the upper end of Re. An increase in the 
values of Cy or Re causes a decrease in 
the rate at which the sweep voltage 
falls. An increase in potential at the 
upper end of Ry causes an increase in 
the speed of the sweep. 
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Fic.16-18 Voltage waveforms of Miller time- 
base generator. 


In addition to its advantage of pro- 
ducing a sweep voltage of improved 
linearity, the Miller time-base circuit is 
a useful circuit for producing a sweep of 
long duration. This results from the 
Miller effect described in Chapter II in 
which it is shown that the input capaci- 
tance of the valve is given by the formula 

C, = Cu tC,, A+A4). 

This formula indicates that there is an 
effective amplification of capacitance im 
the grid-cathode circuit. For example, a 
circuit with a gain of 50, having a small 
external capacitance connected between 
grid and anode, operates as though it had 
a capacitance 51 times as great connected 
between grid and cathode. In the case 
of a multi-stage amplifier containing an 
odd number of stages, a capacitor of 
small capacitance connected between the 
grid of the first stage and the anode of 
the last stage may be used in place of a 
capacitor several thousand times as large 
between grid and cathode. In this way 
a sweep duration of several minutes is 
obtained without the use of a prohibi- 
tively large sweep capacitor in the grid 
circuit. 
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Fic.16-19 Sweep-voltage phase inverter. 


16.3 Sweep-voltage amplifiers. The 
advantages of balanced sweep circuits 
for cathode-ray tube deflection are dis- 
cussed in Chapter IV. The inherent 
de-focusing effect of the unbalanced cir- 
cuit is made considerably less by using 
a balanced circuit. Also, the amplitude 
of voltage applied to each deflecting 
plate must be only half of the amplitude 
necessary in an unbalanced circuit. 
Balanced deflection requires that two 
voltages of equal amplitudes and 180 
degrees out of phase with each other be 
applied to the X-plates. While the 
right X-plate is being made more positive 
to attract the electron beam, the left 
X-plate must be made progressively 
more negative to repel the beam. Several 
circuits used to deliver these balanced 
sawtooth voltages are described in the 
following paragraphs. They are called 
inverters or paraphase amplifiers. 


A. Phase-Inverter Circuit 


Reference to a resistance-capacitance 
coupled amplifier for inverting the phase 
of a voltage waveform is made in 
Chapter II. Such a circuit is shown in 
Fig. 16-19. It consists of two class A 
voltage amplifiers so that the wide range 
of frequencies contained in the sawtooth 
waveform will be amplified uniformly. 
R, and R; are the grid-leak resistors and 
R, and R, the anode load resistors. C1, 
C3, Cs and Cx are coupling capacitors. 
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Cathode bias is provided by CR; for V; 
and by C;R; for Vz. 

The input voltage to V, is shown here 
as a positive-going sweep voltage applied 
to the grid. Hence the output from the 
anode of V, is a negative-going sweep 
voltage of increased amplitude. It is 
coupled through C3 and C, to the left 
X-plate of the c.r.t. This negative-going 
voltage is also coupled through the 
voltage divider Ru, Rs to the grid of Vo. 
The values of R, and R; are so chosen 
that voltage changes at the anode of V, 
are reduced at the grid of V2 by a factor 
equal to the amplification of V2. Thus 
if V2 has a gain of 10, the grid voltage 
changes to this valve are made one- 
tenth of the anode voltage changes of V,. 
The output voltage from V, therefore 
has the same amplitude as that from V,. 
The positive-going sweep voltage from 
the anode of V2 is coupled through Cz, 
to the right X-plate of the c.r.t. 

In order to prevent distortion of the 
waveform at the grid of V2 it is necessary 
to compensate for the grid-cathode capa- 
citance of this valve. For the low- 
frequency components of the sawtooth 
waveform, the reactance of the grid- 
cathode capacitance is negligible. The 
voltage division is adequately provided 
by the resistors R.and R;. For the high- 
frequency components, this capacitance 
provides a low impedance across R; 
which interferes with the voltage division. 
This may be compensated for by placing 
a capacitor Cs in parallel with R, as 
shown in Fig. 16-20. The capacitance is 


Fic.16-20 High-frequency compensation in 
sweep phase inverter. 
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of such a value that the reactance of C's 
and of the grid-cathode capacitance are 
in the same ratio as the resistances of 
R, and R;. Hence the same voltage 
division is maintained at all frequencies 
and this source of distortion is eliminated. 


B. Split-Load Amplifier 


The split-load amplifier of Fig. 16-21 
is a one-valve paraphase amplifier that 
provides equal out-of-phase voltages of 
amplitudes slightly less than the input. 
It contains two equal load resistors Rz 
in the anode circuit and R; in the cathode 
circuit. When the input voltage rises, 
the current through the valve increases. 
This produces an increasing p.d. across 
both R, and R3. The anode voltage 
falls as the cathode voltage rises. Since 
the resistances of R, and R; are equal, 
the changes in voltage across them must 
also be equal. The cathode circuit of 
this amplifier operates as a cathode 
follower. Consequently the amplitude 
of the output voltages is always slightly 
less than the amplitude of the input 
voltage. 


C. Self-Balancing Phase Inverter 


While the circuits of Fig. 16-19 and 
Fig. 16-21 are simple in their basic 
operation, they may introduce distor- 
tions which prohibit their use in accurate 
ranging indicators. Distortion is intro- 
duced chiefly by the loss of high-frequency 
components from the voltage waveform. 
Any distortion introduced by the first 
valve is amplified by the second valve 
circuit. More elaborate circuits have 
been designed to keep these unwanted 
effects to a minimum. One such circuit 
is shown in Fig. 16-22. The phase 
inverter V3 is ordinarily used in con- 
junction with the sweep generator and 
the cathode follower feedback circuit of 
Fig. 16-13 as shown in Fig. 16-22. The 
positive-going voltage from the cathode 
of V» is coupled through C, to the right 
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X-plate of the c.r.t. Also, this voltage 
is applied by way of a voltage-dividing 
network consisting of Cy, Cs, Rs and Rg 
to the grid of V3. This valve operates as 
a Class A amplifier which inverts and 
amplifies the signal. A negative-going 
sweep voltage is coupled through C; to 
the left X-plate of the c.r.t. 

The operation of the voltage-dividing 
network is most readily understood by 
considering a particular example. The 
positive-going sweep voltage at the 
cathode of V2 has an amplitude of 150 
volts. The negative-going sweep voltage 
at the anode of V; must also have an 
amplitude of 150 volts. If the gain of 
the V3; amplifier is 10, the amplitude of 
the voltage applied to the grid of V3; 
must be 15 volts. This voltage is 
obtained for low frequencies from the 
voltage divider R;, R«. The high-frequency 
voltage division is provided by the 
capacitors C, and Cs. During the sweep, 
the potential at the left end of C4, rises 
150 volts, the potential at the right end 
of Cs falls 150 volts and the potential 
between C, and Cs, that is, the V3 grid 
potential falls 15 volts. The voltage 
change across C, is therefore 150—15 
or 135 volts. The voltage change across 
Cs is 150+15 or 165 volts. The capaci- 
tances of C; and C2 must therefore be in 
the inverse ratio of 135 to 165. Thus the 
capacitances might be C,; = 330uuf and 
C5 2= e270 pul, 

The reason for connecting C; between 
anode and grid of V3 is to provide a 
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Fia.16-22 Self-balancing phase inverter following a cathode-follower-feedback Sweep generator. 


self-balancing action that tends to main- 
tain the output voltages of V. and V3; 
of equal amplitude despite changes in 
the amplification of V3. Thus, not only 
do C4 and C; provide a high-frequency 
voltage dividing network but also they 
provide the self-balancing action for all 
frequencies. The self-balancing action is 
such that if the output of V3 decreases 
due to change in amplification of V3; 
the input of V; is caused to increase, thus 
opposing the decrease of the output. As 
a result a very large percentage change 
in the amplification of Vs; must take 
place before the output of V3; changes 
by a small percentage. For example, 
suppose the output voltage of V; de- 
creases by 5% due to a change in 
amplification. Then the amplitude of 
this voltage falls by 5% of 150 or 7.5 
volts. The new amplitude of output is 
then 142.5 volts. The complete change 
in potential across Cy, and C; is now 
150+142.5 or 292.5 volts. The change 
Sse 2 5995 
270+ 330 
or 132 volts. Therefore the rise in 
voltage on the grid of V; = 150—1382 
or 18 volts, as compared with 15 volts 
for normal operation. The amplification 


of this valve is then al or 7.92 instead 


of the original value of 10. The ampli- 


in voltage across C4 is 


fication therefore must have decreased 
by = or 20.8 percent. Thus, a change 
in amplification of 20.8% causes a change 
in output voltage of only 5%. The 
balancing network therefore serves to 
equalize the amplitudes of the sweep 
voltages. Moreover this equalizing effect 
is produced at every point along the 
sawtooth waveform. In this way dis- 
tortion of the linear waveform by non- 
linear amplification of Ve is greatly 
reduced. 


D. Cathode-Coupled Phase Inverter 


The paraphase amplifier shown in Fig. 
16-23 consists of two degenerative ampli- 
fiers coupled together by a common 
cathode resistor Rs. Each valve operates 
with its grid slightly negative to its 
cathode. Bias cannot be obtained from 
the cathode circuit because a varying 
cathode potential is required to provide 
a signal to V2. A negative d-c potential 
is applied to the grid of V; from a bias 
battery or equivalent source. The grid 
of V2 is operated at a steady positive 
potential from the voltage divider R3, R,4 
but is less positive than the cathode. 
R, and Rs are the anode load resistors 
of the two valves. 

A positive-going sweep voltage is 
applied to the grid of V; via the capacitor 
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Fia.16-23 Cathode-coupled phase inverter. 


C,. A negative-going sweep voltage is 
therefore developed at the anode of Vi 
which is applied to the left X-plate of 
the c.r.t. The increasing current through 
R, causes the cathode potential to rise. 
This is equivalent to a fall in grid 
potential for V2. Therefore, the output 
voltage from V2 is the positive-going 
sweep voltage which is applied to the 
right X-plate. C», is a by-pass capacitor 
which maintains a steady voltage on the 
grid of V2 throughout the cycle. 

The degeneration introduced by the 
varying cathode potential reduces the 
gain of each stage to about one-half of 
the gain that V; would have with fixed 
bias. This is illustrated by the following 
example. Suppose a rise in potential of 
20 volts is applied to the grid of V, 
and that the value of R¢ is such that 
the increase in current causes the cathode 
potential to rise 10 volts. Thus the grid 
of Vi has been raised 10 volts with 
respect to its cathode while the cathode 
potential of V2 has been raised 10 volts 
with respect to its grid. The effective 
grid-cathode signal of each valve is there- 
fore one-half of the input signal to V;. 
Thus the output voltages of V; and V, 
each have an amplitude of one-half the 
output of a single tube operating with a 
fixed bias. The picture is further com- 
plicated by the fact that the amplifica- 
tions and anode load resistors of the 
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two valves must be unbalanced. If this 
were not the case, the current through 
V, would increase by the same amount 
as the current through V, decreases. 
There would be no change in current 
through the cathode resistor and no 
change in cathode potential. Conse- 
quently there would be no signal voltage 
applied to V2. The anode current change 
in V, must be greater than the anode 
current change in V2. In order to obtain 
equal outputs from the two anodes, the 
anode load resistor of V; must be smaller 
than that of V». Alternatively, equal 
load resistors may be employed and 
only a part of the larger output of 
voltage used, as indicated by the variable 
tap on Re, 

This type of phase inverter is some- 
times directly connected to the horizon- 
tal-deflection plates of the c.r.t. The 
circuit must then supply d-c centering 
voltages as well as the sawtooth sweep 
voltages. Centering is provided by R4 
which permits adjustment of the d-c 
grid potential of V2. For example, if 
this grid is made more positive by 
adjusting R, an increased current flows 
through V. during the period between 
sweeps. The cathode potential is there- 
fore higher and less current flows through 
V,. Under these conditions the anode 
potential of V; would be higher and the 
anode potential of V2 would be lower 
during the period between sweeps. The 
trace would then be centered farther to 
the left on the screen of the c.r.t. 

16.4 Electromagnetic deflection 
circuits. A description of the structure 
and basic operation of a cathode-ray 
tube with electromagnetic deflection is 
given in Chapter I. If the electron 
beam from the gun of the tube is made 
to pass through a magnetic field per- 
pendicular to the axis of the tube, the 
beam is deflected. The direction of 
deflection is at right angles to both the 
direction of the electron path and the 
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Fia.16-24 Electromagnetic deflection of the 
electron beam. 


direction of the magnetic field. Since 
an electron beam constitutes an electric 
current, the direction of deflection is 
given by the motor principle. This is 
illustrated in Fig. 16-24. The circle 
represents the neck of the c.r.t. in 
cross-section. The electron beam from 
the electron gun is approaching the 
observer in a direction perpendicular to 
the plane of the paper. The neck of the 
tube passes between the poles of the 
electromagnet. When no current flows 
through the deflection coils, there is no 
magnetic field and the electron beam 
passes through the centre of the tube as 
indicated by (a). When electrons flow 
through the coils in the direction shown, 
the upper pole of the soft-iron core 
becomes S and the lower pole N. The 
magnetic lines of force are directed up- 
ward in the region between the poles 
and the electron beam is deflected to the 
right as indicated by (b). The amount 
of deflection is proportional to the field 
strength and hence to the amplitude of 
the current flowing in the coils. If the 
current is reversed, the magnetic field is 
reversed and the beam is deflected to- 
ward the left. An alternating current 
flowing in the coils produces a straight 
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line trace on the screen of the c.r.t. 

If a magnetic field is set up in a hori- 
zontal direction, the electron beam is 
deflected in a vertical direction. Two 
sets of fixed coils mounted at right angles 
to each other around the neck of the 
c.r.t. provide control of the beam in 
beth horizontal and vertical directions. 
By adjustment of the currents flowing 
in these coils, the electron beam may be 
directed to any point on the screen of the 
c.r.t. This method of deflection is 
commonly used for type B presentations. 

An alternative method of directing the 
beam involves the use of only one set of 
deflection coils mounted in the form of 
a yoke which may be rotated about the 
neck of the c.r.t. This method is 
generally employed for PPI presenta- 
tions. The sweep is made to begin at 
the centre of the tube and to progress 
radially to the outside at a linear rate. 
This requires a current in the deflection 
coil which begins at zero and increases 
linearly during the sweep. The yoke is 
rotated in synchronism with the radar 
aerial. Hence the direction of the sweep 
on the c.r.t. indicates the direction in 
which the aerial is pointing at any 
instant. Fig. 16-265 illustrates the position 
of the deflection coils, the linear rise of 
current and the direction of the sweep 
when the aerial is pointing eastward. 
The following paragraphs in this section 
deal with the circuits used to provide 
the linearly rising current required for 
this type of sweep. 

The deflection coils contain inductance 
and resistance. In order to produce a 
linear rise of current through a resistance 
a sawtooth voltage must be applied 
across the resistance, Fig. 16-26 (a). To 
produce a linear rise of current through 
an inductance, that is, a constant rate of 
change of current through it, a square - 
wave of voltage must be applied across 
the inductance, Fig. 16-26 (b). 

If the resistance of the coil and its 
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Fia.16-25 Trace produced by sawtooth current 
in deflection coils. 


inductive reactance are comparable the 
effects of both must be considered. The 
coil then behaves as a series circuit 
containing inductance and _ resistance. 
The waveform of voltage which must 
be applied to such a circuit to produce 
a linearly rising current through it is 
found by combining the voltage wave- 
forms of Fig. 16-26 (a) and (b). The 
resulting voltage shown in (c) is called 
a trapezoidal waveform. A sweep genera- 
tor which produces such a voltage is 
called a trapezoidal generator. 


6 ee ang 
Voltage Current 0 Voltage Current 


(a) (b) 


(c) 


: Fic.16-26 Voltage and current waveforms (a) 
in a pure resistance (b) in a pure inductance (c) 
in a coil containing resistance and inductance. 
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Fic.16-27 Trapezoidal voltage generator 
circuit. 


A. Trapezoidal Generator 

A circuit used to generate a trapezoidal 
waveform of voltage is shown in Fig. 
16-27. It is similar to the conventional 
triode cut-off sweep generator circuit 
(Fig. 16-8) for generating a sawtooth 
waveform of voltage with the addition 
of R3; and with R,; connected between 
grid and ground instead of grid and 
+H.T. Rs is connected between the 
lower plate of the sweep capacitor C2 
and ground. It produces the initial 
sudden rise of output voltage called the 
jump voltage at the beginning of the 
sweep. 

The valve normally conducts heavily 
as there is no cathode bias and the grid 
is returned to ground by R,. A large 
p.d. is developed across R» which main- 
tains a low anode potential. C». charges 
up to the anode potential and no voltage 
exists across R,. during the period be- 
tween sweeps. When the sweep is to 
begin, a large negative square wave 
voltage is applied to the grid of V, 
which cuts off the current through this 
valve. Since the p.d. across C2 cannot 


_ Increase instantaneously, a redistribu- 


tion of the supply voltage takes place © 
across Re, C2 and Rs; in series. The 
initial current which flows to charge C2 
produces a sudden initial rise in p.d. 
across #3. Hence the output voltage is 
suddenly increased by this p.d. (Fig. 
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Fic.16-28 Voltage waveforms of a trapezoidal 
voltage generator. 


16-28). Thereafter the sweep capacitor 
charges exponentially toward the supply 
voltage at a rate determined by the 
time constant of Re, R3 and Cy. The 
increase in p.d. across C2 is limited to a 
small fraction of the supply voltage so 
that the sweep is practically linear. At 
the end of the sweep the grid potential 
of the valve is suddenly returned above 
cut-off. The valve conducts again and 
C, discharges to its original p.d. through 
R; and the valve. 

The production of the trapezoidal 
voltage is more readily understood by 
consideration of a typical example and 
the waveforms of Fig. 16-28. In the 
circuit of Fig. 16-27, 


Rz = 130,000 

R3z = 10,0000 

Cai=> 005nF 
H.T. = 300 volts. 


Initial anode potential and p.d. across 
C. = 20 volts. At the beginning of the 
sweep, 300 volts is applied across Re, 
C. and Rz3 in series with a p.d. of 20 
volts already existing across C2. The 
charging voltage is then 280 volts and 
the resistance in series with C2 is 140,0002. 
Therefore the initial charging current 

280 £ 
140,000 
.002A or 2mA. The initial rise in voltage 
across R3, also found from Ohm’s Law, 
is .002 10,000 = 20 volts. Hence the 
anode potential rises suddenly from 20 
volts to 40 volts. The charge gained by 


found from Ohm’s Law is 
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C’, during the sweep is found from the 
formula Q = Jt where the current is 
assumed to be constant. If the sweep 
continues for 60 microseconds, the charge 
gained by C2 is .002 6010-6 or .12X 
10-® coulombs. The increase in p.d. 
across C2 is then given by the formula 
Q = CV. Substituting, 
12 10-* =°.005X10-* x V 

and solving, V = 24 volts. 
Therefore the anode potential rises from 
40 volts to 64 volts during the sweep. 

At the end of the sweep the valve 
conducts and its resistance falls to a low 
value. This value as found from the data 
given for the initial conditions is about 
93000. C, discharges through the valve 
and R; which have a total resistance of 
19,3002. In parallel with the valve is 
the resistance of R. and the power supply. 
Since the resistance of Re is very large 
its effect in discharging C,; may be 
neglected. The time constant of CoR3 
and the valve is then 19,300 x .005 x 107° 
or about 96 microseconds. The time 
required for the anode potential to fall 
to its normal value is therefore con- 
siderably longer than the sweep time in 
this instance. This is characteristic of 
trapezoidal generators but is no dis- 
advantage in radar sets as the sweep 
time is always followed by a compara- 
tively long waiting period in the complete 
cycle of operation. 


B. Sweep Power Amplifier 


The sweep power amplifier V; is 
usually a triode or power valve which 
supplies the changing current through 
the sweep deflection coil (Fig. 16-29). 
This coil is mounted as a rotatable yoke 
around the neck of the cathode-ray 
tube. Current is supplied to it by way 
of slip rings. The valve is biased to 
cut-off by the cathode bias battery so 
that no current flows through the de- 
flection coil between sweeps. When the 
sweep is to begin, the trapezoidal wave- 
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F1a.16-29 Sweep power amplifier circuit. 


form of voltage is applied to the grid of 
the valve. The bias is overcome and the 
valve is made to conduct current. The 
current through the deflection coil rises 
linearly producing a linear sweep from 
the centre of the screen to the outside. 
At the end of the sweep, the grid voltage 
again falls below cut-off. The current 
through the deflection coil is therefore 
cut off. The magnetic field about the 
c.r.t. collapses and the sweep returns to 
the centre of the tube. 

The collapsing magnetic field at the 
end of the sweep induces a back e.m.f. 
which tends to maintain the current 
flow in the deflection coil. This causes 
oscillation in the coil at a frequency 
determined by its inductance and self- 
capacitance. This oscillation must be 
damped out before the succeeding sweep 
commences so that linearity of the sweep 
may be maintained. Damping is pro- 
vided by the resistor R, which is con- 
nected in series with diode V2 across the 
deflection coil. The diode does not 
conduct during the sweep since _ its 
cathode is more positive than its anode, 
and so A, provides no damping effect 
across the coil. At the end of the sweep, 
however, the oscillation causes the anode 
end of the coil to rise to a higher potential 
than the supply voltage. The anode of 
the diode is then positive to its cathode 
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and the valve conducts. This current 
flowing through R, provides the damping 
which quickly reduces the oscillation 
to zero. 


C. Multi-Range Sweep-Current 
Generator 


A sweep-current generator and ampli- 
fier circuit which provides deflection 
currents for three different ranges on 
the PPI tube is shown in Fig. 16-30. This 
circuit provides automatic compensation 
for changes in operating conditions of 
the valves brought about by the range 
switching. V, is the trapezoidal genera- 
tor valve. The sweep selector switch S 
selects the proper value of anode resis- 
tance and sweep capacitance required to 
provide sweep voltages of the required 
magnitude. The duration of the sweep 
is controlled by the duration of the 
negative square wave applied to the grid 
of V,. The waveforms of V, grid and 
anode voltages for the three ranges are 
shown in Fig. 16-31 (a) and (b) re- 
spectively. If, for example, the required 
ranges are 10,000 yards, 20,000 yards 
and 50,000 yards, the durations of the 
negative square waves to the grid of V, 
must be 61, 122 and 305 microseconds 
respectively. The sweep capacitors are 
then chosen so that the linear rise in 
voltage during the sweep has the same 
amplitude for each range. This ensures 
that the trace is of the same physical 
length on the screen of the c.r.t. for 
each of the three ranges. The variable 
resistors R,, Re and Rs; are chosen for 
this condition. 

The amplitudes of the jump voltage at 
the beginning of the sweep are different 
for each of the ranges. For the short 
range, the current through the deflection 
coil L must rise from zero to its maximum 
value in less time than for the other 
ranges. Consequently a larger amplitude 
of jump voltage is required because of 
the large inductance effect of the coil. 
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Fra.16-30 Multi-range sweep current generator. 


On the longest range, the current rises so 
slowly through the coil that the inductive 
effect is almost negligible and the jump 
voltage is no longer required. Since the 
coil is effectively resistive the current 
through the coil is in phase with the 
voltage applied across the coil. 

V.and V;are voltage amplifiers which 
amplify and invert the sweep voltage 
twice before applying it to the grid of 
the power amplifier. The output voltage 
waveforms of V2 and V3 for the three 
ranges are shown in Fig. 16-31 (c) and 
(d). These waveforms are not drawn to 
the same scale and do not show the 
increase in amplitude due to amplifica- 
tion. Degeneration is introduced in V2 
by omitting the cathode by-pass capaci- 
tor. Bias is provided by the cathode 
resistor to enable this valve to handle 
the positive-going sweep voltage. No 
bias is required for V3 since its signal is 
a negative-going voltage. 

The waveforms of Fig. 16-31 indicate 
the function of the diode V4. This valve 
is a clamping valve in parallel with the 
grid-leak resistor of V;. In the absence 
of V4, the voltage at the grid of V; would 
be a voltage varying about the bias 
level because of the blocking action of 


the coupling capacitor, Fig. 16-31 (e). 
Due to the unsymmetrical nature of the 
waveforms, the grid would not operate 


over the 


same range of positive and 
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Fic.16-32 Block diagram of sweep calibration circuit. 


negative potentials for each of the three 
sweeps. Consequently the sweep could 
not be made to begin at the centre of the 
tube and extend to the outside on each 
of the three ranges. This defect is 
overcome by placing the clamping diode 
V, in parallel with the grid-leak resistor. 
It ensures that the coupling capacitor 
always becomes discharged to the same 
voltage during the waiting period be- 
tween sweeps. The sweep voltage is 
therefore clamped to operate on the 
positive side of the bias potential only. 
By proper choice of the bias voltage, 
the sweep current may be made to begin 
at zero at the beginning of each sweep. 
This ensures that the centre of the c.r.t. 
screen is the point of zero range. 

The linearity of the sweep voltage 
waveform is improved by two feedback 
circuits from the cathode of V;. The 
first of these is to the cathode of V2 from 
the top of the un-by-passed cathode 
resistor R14 which provides degeneration. 
Suppose the sweep voltage to the grid 
of V; contains a non-linear portion due 
to distortion introduced by V2, and V3. 
A fall in voltage at the grid of V; 
produced a fall in voltage at the cathode 
of V; and hence at the cathode of Vs. 
This is equivalent to a rise in voltage 
at the grid of Vo. The result is a fall in 
voltage at the anode of V2 and a rise 
in voltage at the anode of V3. The fall 
in grid voltage of V;, is therefore correc- 
ted by an amplified rise in voltage 
through the feedback circuit. 

The second feedback line is from the 
cathode of Vs to the upper end of the 
sweep resistors in the anode circuit of 


V;. This circuit operates in a manner 
similar to that of Fig. 16-13. As the 
sweep voltage rises at the grid of Vo, 
the cathode potential of Vs; also rises. 
This rising voltage is fed back through 
C, to the anode circuit of the trapezoidal 
generator. It effectively increases the 
supply voltage to the sweep circuit as 
the sweep progresses. This tends to 
maintain a linear rise of voltage across 
the sweep capacitor. 


16.5 Calibration of sweeps. 


A. Calibration of a Type A Scan 


Reference has already been made to 
the calibration of A scan sweeps by 
means of a shocked oscillator (Fig. 15- 
34). A more complete circuit is suggested 
by the block diagram of Fig. 16-32. It 
provides a series of downward pips along 
the trace which are spaced 12.2 micro- 
seconds apart in time and which there- 
fore represent 2000 yard ranges between 
target and radar set. This relationship 
is evident when it is recalled that radar 
pulses and echoes travel at the speed of 
light, 162,000 nautical miles per second. 
The time required for a pulse to travel 


one mile is therefore of one 


162,000 
second or 6.2 microseconds. Since 1 
nautical mile is 6080 feet, the time re- 


quired for a pulse to travel 2000 yards is 


2000 : 
6080 °F 6.1 microseconds. The 


162,000. —— 
Me Laer 


time required for a pulse to travel to a 
target 2000 yards away and for the 
echo to return is therefore 12.2 micro- 
seconds. Similarly the time taken by a 
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pulse in travelling to and returning from 
a target 10,000 yards distant is 61 
microseconds. A crystal oscillator is 
used as the timing device because of its 
excellent frequency stability. It operates 
at a frequency of 81.95 Ke/s and there- 
fore produces one cycle every 12.2 micro- 
seconds. The output sine wave of voltage 
is applied to the grid of a biased-off 
blocking oscillator. ‘This circuit produces 
a single oscillation of short duration for 
every cycle of input. These pulses are 
supplied to a second biased-off blocking 
oscillator which has a somewhat longer 
recovery time. This circuit produces 
one oscillation for every five input pulses 
it receives. These pulses, occuring at 61 
microsecond intervals are applied, to- 
gether with the 12.2 microsecond pulses, 
to the grid of a clipper and mixer valve. 
This circuit produces a series of output 
negative pulses which are applied to the 
top Y-plate of the c.r.t. They repel the 
electron beam as it sweeps across the 
screen of the tube, producing downward 
pips along the scan. The 10,000-yard 
markers are usually made larger than 
the 2000-yard markers to make them 
more easily read. 

The calibration markers must be syn- 
chronized with the start of the sweep to 
prevent them from drifting along the 
trace. This may be done by turning the 
oscillator on at the beginning of each 
sweep and turning it off at the end of the 
sweep. A more satisfactory method with 
this type of circuit is to permit the 
erystal oscillator to operate continuously 
and to use it to control the start of the 
sweep and the pulsing of the radar trans- 
mitter. This is done by further sub- 
dividing the crystal oscillator frequency 
by a blocking oscillator or multivibrator. 
For example, if the crystal frequency, 
81.95 Ke/s, is sub-divided by a factor 
of 10 in each of two successive stages, a 
well stabilized frequency of 819.5 cycles 
per second is obtained. This frequency 
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Fic.16-33 Calibration of type A presentation 
(a) Sweep speed too fast for coincidence between 
calibration markers and fixed scale marks (b) 
Sweep speed correctly adjusted. 


is used as the pulse repetition frequency 
of the radar set. The sweep is started 
and the transmitter is pulsed once during 
each cycle, that is every 1220 micro- 
seconds. The marker frequency is then 
an exact multiple of the repetition 
frequency and the markers do not drift 
along the trace. 

Calibration markers may be permitted 
to remain on the screen during normal 
operation of the set, or may be used 
merely to check the speed of the sweep 
against a fixed range scale on the front 
of the c.r.t. This function is illustrated 
in Fig. 16-33 (a) and (b). Fig. 16-33 (a) 
shows the appearance of the c.r.t. trace 
and range scale when the sweep speed 
is too fast to bring the calibration mar- 
kers into coincidence with the fixed scale. 
The calibration markers are displaced 
to the right. A slight increase in the 
resistance or capacitance in the sweep 
generator is required to increase the 
time of the sweep charging circuit. This 
results in a decrease in the rate at which 
the electron beam is swept across the 
screen, causing the calibration markers 
to appear more closely crowded together. 
The adjustment of the sweep generator 
is made with the c.r.t. and calibration 
circuits in operation. In this way the cali- 
bration markers are brought into coinci- 
dence with the corresponding marks on 
the range scale as shown in Fig.16-33 (b). 

It is not the usual practice to apply 
the calibration markers to the deflection 
plates continuously as small echo pulses 
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Fia.16-34 Block diagram of a gating circuit. 


may be obscured by the calibration 
markers. One method is to turn on the 
calibration markers for a short period 
only while ranging on a target. Alter- 
natively, the calibration markers may be 
switched on electronically during every 
third or fourth sweep and the radar 
echo pulses during the other sweeps. 
This is accomplished by a gating circuit 
which operates one of the amplifiers in 
each of the receiver and calibration 
circuits. 
B. Gating Circuits 

A typical gating circuit is shown in 
block diagram form in Fig. 16-34. An 
unbalanced, biased-off multivibrator is 
triggered by synchronizing pulses at the 
pulse repetition rate of the radar set. 
When this circuit receives a synchronized 
pulse, it goes through one cycle of 
oscillation. The long half cycle has a 
duration equal to twice that of the radar 
period, that is, twice the time between 
radar pulses. The short half cycle has a 
duration equal to the radar period. The 
multivibrator therefore operates at a 
frequency equal to one-third of the pulse 
repetition frequency of the set. Out-of- 
phase voltages of rectangular shape are 
obtained from opposite anodes of the 
multivibrator. These are applied to the 
suppressor grids of a receiver gate valve 
and a calibration gate valve respectively. 
The gate voltage permits each valve to 
amplify in its normal manner during the 
positive half of the gating cycle and 


cuts off the flow of anode current during 
the negative half of the cycle. In effect 
then, the two valves are turned on alter- 
nately. The receiver gate valve permits 
the positive echo pulses to pass to the 
upper Y-plate of the c.r.t. during two 
successive sweeps and cuts off this input 
during the next sweep. The calibration 
gate valve permits the positive calibra- 
tion pulses to pass to the upper Y-plate 
during one sweep and blocks this path 
during the following two sweeps. 

The circuit of the calibration gate 
valve is shown in Fig. 16-35. The valve 
is biased to cut-off by a positive potential 
on the cathode from the voltage divider 
R;3, Rs and Rs; across the H.T. supply. 
Positive calibration pulses, applied to 
the control grid of the valve, overcome 
the cathode bias and permit correspond- 
ing pulses of current to flow through the 
valve. Each of these develops a p.d. 
across the anode load resistor R» causing 
a negative calibration pulse at the anode. 
In addition to the calibration pulses 
applied to the control grid, the gate 
voltage is applied to the suppressor grid. 
It maintains the suppressor at ground 
potential for normal operation during 
the short half cycle. During the long 
half cycle the suppressor is driven suf- 
ficiently negative to prevent the flow of 
anode current. The anode potential 
remains at H.T. during this period and 
so the signal cn the control grid does not 
appear in the output. 
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C. Calibration of PPI Scan 

The calibration pulses developed for 
the A type scan may also be applied to 
the PPI tube. They produce intensity 
modulation of the electron beam in a 
manner similar to the echo pulses. The 
PPI tube is operated with the intensity 
grid potential just below cut-off. Posi- 
tive calibration pulses are applied to the 
intensity grid, or negative pulses to the 
cathode. In either case, the bias is 
overcome and the electron stream strikes 
the screen at intervals while the sweep 
takes place. The effect produced on the 
e.r.t. during a single sweep is shown in 
Fig. 16-36 (a). If the sweep is not rotated, 
this pattern is repeated at the sweep 
repetition rate and a series of bright dots 
is observed. If the sweep is rotated a 
series of concentric rings is seen as shown 
in Fig. 16-86 (b). Each ring gives a 
measure of the range of the target from 
the radar set. The farther an echo 
pulse appears from the centre of the 


screen, the greater the range to the’ 


target. Calibration rings are not nor- 
mally applied continually as they may 
obscure small echoes. They are turned 
on only during calibration and ranging 
procedures. 

16.6 Accurate ranging methods. The 
A scan and PPI scan as previously de- 
scribed are termed general viewing scans. 
They are used in surface warning and 
aircraft warning equipments in which 
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Fic.16-36 Calibration of P.P.I. presentation 
(a) Calibration dots with scan at rest (b) Calibra- 
tion rings with scan rotating. 


accurate determination of range to the 
target is not of primary importance. 
Fire control equipments require special 
circuits for determining range with the 
utmost accuracy and speed. This in- 
volves a precise measurement of the 
time interval between the beginning of 
the transmitter pulse and the beginning 
of the echo pulse. A method widely used 
for accurate ranging employs the mova- 
ble range step illustrated in Fig. 16-37. 
The range step is a sharp fall in the 
trace as shown in (a). It may be made 
to occur at any position along the trace. 
Its position is controlled by a handwheel 
on the front panel of the indicator unit. 
This handwheel operates a delay multi- 
vibrator which begins its cycle at a pre- 
determined time before the beginning of 
the sweep and produces a positive square 
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Fic.16-37 Range step on type A presentation 
(a) General appearance of range step (b) Position 
of range step with range dial at zero (c) Ranging 
on a target. 
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pulse, which is applied to the upper 
Y-plate. The trailing or negative-going 
edge of the pulse occurs at any desired 
time during the sweep and produces the 
range step. The time between the start 
or leading edge of the positive square 
pulse and the trailing edge is called the 
delay of the multivibrator. As the 
handwheel is turned clockwise, the delay 
of the multivibrator cycle is increased 
and the step is observed to move to the 
right. The handwheel is also geared to a 
range dial which indicates the distance 
between the transmitter pulse and the 
range step in yards or miles. When the 
range step is moved to the extreme left, 
Fig. 16-37 (b), so that it is opposite the 
leading edge of the transmitter pulse, the 
range dial indicates zero range. When 
the range step is moved to the right hand 
side of the trace, the range dial indicates 
maximum range. Ranging on a target 
then consists of moving the range step 
until it is opposite the leading edge of 
the echo pulse, Fig. 16-37 (c), and read- 
ing the range from the range dial. 


A. A Basic Delay Multivibrator 


A basic type of delay multivibrator 
which may be used to produce the range 
step is shown in Fig. 16-38. The circuit 
is a biased-off, cathode-coupled multi- 
vibrator. V», is the normally on valve 
as its grid is returned to H.T. through 
R;. The grid potential is limited to 
about 1 volt positive to the cathode, 
which is considerably positive to ground 
because of the flow of anode and grid 
currents through R; V, does not 
conduct in the normal state. Its grid is 
slightly positive to ground because of 
the voltage divider R;, R» across the H.T. 
supply. However, the cathode is con- 
siderably more positive than the grid so 
that the valve is cut off. In the stable 
condition of the circuit, the anode poten- 
tial of V; is at H.T. while that of V» is 
considerably lower. 
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The multivibrator cycle is started by 
applying a sharp positive pulse to the 
grid of V,; via C;. This causes V, to 
conduct and its anode potential to fall. 
C, discharges through R; developing a 
negative voltage at the grid of V2 which 
cuts off the current through this valve. 
The time during which V>» is cut off is 
the delay and is determined by the time 
constant of C2R; and also by the cathode 
potential of V2. This potential is deter- 
mined by the amount of current flowing 
through V, which in turn is controlled 
by the setting of Re. If the movable tap 
of R2is moved upward, the grid potential 
is made more positive and an increased 
current flows through the valve Vi. 
This current flowing through R, causes 
an increased positive potential at the 
cathode of V2. A rise in cathode potential 
is equivalent to a drop in anode-to- 
cathode voltage and therefore decreases 
the negative cut-off potential. Therefore 
the time taken for the grid of Vz» to 
return to cut-off potential is increased 
and the multivibrator delay is extended. 
During the period that V is cut off, there 
is no current flow through Re. and no 
p.d. developed across it. The anode 
potential is therefore at the H.T. value. 
When the valve conducts again the anode 
potential falls. This fall in the anode 
voltage is applied to the top Y-plate of 
the c.r.t. to produce the range step. 
The waveforms of grid and anode poten- 
tials of V; and the effect produced on the 
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Fiac.16-39 Effect of cathode potential of V> on 
position of range step (a) High cathode potential 
produces short delay (b) Low cathode potential 
produces long delay. 


indicator trace are shown in Fig.16-39 (a). 
The effect of increasing the grid po- 
tential of V; is shown in Fig. 16-39 (b). 
The duration of the positive square 
pulse at the V2 anode is increased and 
the range step is moved farther to the 
right along the trace. The leading edge 
of the multivibrator output does not 
show on the c.r.t. This is because it 
must be possible to place the step at the 
start of the sweep for zero range. There- 
fore the multivibrator cycle must start 
some time before the sweep starts since 
the duration of the positive output 
square pulse at the V2 anode has a 
minimum value. The timing circuit of 
the radar set starts the multivibrator 
cycle and delays the transmitter pulse 
and the beginning of the trace for this 
minimum duration. Resistor HK, con- 
trols the duration of the positive square 
pulse from V» and hence the position of 
the range step on the trace. It is opera- 
ated by the handwheel which also operates 
the range dial. 

While the basic operation of the range 
step generator is simple, the problem of 
tracking the mechanical range dial to 
the electrical delay circuit presents some 
difficulty. The grid voltage curve is not 
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a linear one, but an exponential one. 
An increase in the cathode potential level 
of one volt does not produce the same 
change in duration of the positive square 
pulse output from V, over the entire 
range of operation. Thus a linear dial 
may be properly calibrated at the mini- 
mum and maximum ranges and be 
considerably in error for intermediate 
readings. More elaborate circuits than 
the basic type have been designed to 
make the multivibrator delay a linear 
function of the resistance controlling 
that delay. The following circuit is an 
example of a linear-delay multivibrator. 


B. Phantastron 


A pentagrid valve of the type used as 
a frequency converter in radio receivers 
is shown in the phantastron delay circuit 
of Fig. 16-40. The operation of the 
circuit is similar to that of the cathode- 
coupled multivibrator just described. 
The cathode, grid 3 and anode perform 
the functions of the off valve during 
the stable state while the cathode, grid 1 
and grids 2 and 4 constitute the on 
valve. Typical waveforms and values of 
the voltages at each of the valve elec- 
trodes are shown in Fig. 16-41. In the 
steady state, all the current flowing 
from the cathode passes to the first three 
grids in the valve. This current amounts 
to 4mA flowing through the cathode 
resistor, which sets the cathode potential 
at 40 volts. Grid 1 draws only .06mA 
of current, which flows through the 
large grid-leak resistor R3, setting the 
grid potential also at 40 volts. The screen 
grid potential, that is, the potential of 
grids 2 and 4 is determined partly by 
the voltage divider Ru, R; and partly by 
the screen current flowing through R,, 
The combined effect produces a voltage 
of 69 volts at the screen. The potential 
of grid 3 is determined by the voltage 
divider R,, Rs; and is 27 volts. This grid 
is therefore 13 volts negative to the 
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cathode, which is sufficient to cut off the 
flow of current from cathode to anode. 
Consequently no current flows through 
R, and so the anode potential is at H.T. 
The circuit continues in this state until 
triggered by a positive pulse to grid 3. 
A sequence of changes comprising three 
phases then takes place. The first phase 
is a multivibrator action which causes 
a sudden change in potential at each of 
the electrodes. This is followed by a 
relaxation period during which the volt- 
ages change linearly with time until 
critical values are reached. At this point 
a third set of changes takes place suddenly 
and the circuit resumes its original 
steady state conditions. A detailed de- 
scription of each phase follows. 

The positive trigger pulse applied to 
grid 3 must raise the potential of this 
grid about three volts to start the switch- 
ing action. This overcomes the cut-off 
voltage and permits current to flow to 
the anode. The anode potential drops 
sharply and C2 discharges slightly through 
R3, causing a fall in the potential of 
grid 1. This reduces the current through 
the valve, so that the cathode potential 
decreases. A fall in the cathode potential 
has the same effect as a rise in grid 3 
potential. Therefore the anode current, 
which was begun by the trigger pulse, is 
now increased by feedback through C2. 


FUNDAMENTALS OF RADIO 


V 


o+ H.T. : 
300V Grid 3 potential ~— Trigger pulse 
PM eeiuzicmk 
0 


Cathode 
potential 


Grids 2and 8 
4 potential 


Fic.16-41 Voltage waveforms of phantastron 
delay circuit. 


The process is cumulative to the point 
where a further reduction in grid 3-to- 
cathode voltage is no longer effective in 
increasing the anode current. The cath- 
ode potential falls abruptly from 40V to 
4V, the grid 1 potential from 40V to 
—2V and the anode potential from 300V 
to 258V. The reduction of grid voltage 
reduces the screen current causing a rise 
in screen potential from 69 to 85 volts. 

The relaxation or run-down period now 
begins during which the potential of 
grid 1 tends to return to its normal value 
as ina multivibrator. As the grid poten- 
tial rises, however, the anode current 
continues to increase and the anode 
potential continues to fall. The com- 
bined effect of rising grid potential and 
falling anode potential causes the grid 
voltage to depart from the exponential 
curve and to follow a linear rise as shown 
by the waveforms of Fig. 16-41. The 
precise operation of C2; is the same as 
that in the Miller time-base circuit of 
section 16.2F. As the grid 1 potential 
rises, the cathode current increases and 
the cathode potential rises. This is 
equivalent to a fall in potential of grid 3 
which eventually causes the anode cur- 
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rent to stop increasing and start decreas- 
ing. A point is therefore reached where a 
further increase in anode current due to 
the rise of potential on grid 1 is prevented 
by the rise in cathode potential which it 
produces. When this point is reached, a 
second switching action takes place. The 
decrease in anode current causes the 
anode potential to rise and C. commences 
to charge again. The potential of grid 1 
rises sharply, permitting the normal 
cathode current to flow. The anode 
current is again cut off and the screen 
curient increases to its normal value. 

The duration of the phantastron out- 
put pulse taken from the cathode is 
determined by the time taken for the 
anode potential to fall to its critical 
value, which is 108V in this example. If 
the circuit elements remain constant, 
the rate of fall of anode potential also 
remains constant. The duration of the 
cycle may then be reduced by using a 
smaller initial potential on the anode of 
the valve. By connecting the anode to a 
potentiometer across the H.T. supply, 
the duration of the phantastron pulse 
may be made to vary linearly with the 
setting of this control. Such an arrange- 
ment is shown in Fig. 16-42. The circuit 
includes a diode valve V;, for isolating 
the anode of V2 from the potentiometer 
R,; during the phantastron pulse, and a 
triode V3 connected in a cathode follower 
circuit between the anode and grid 1 of 
the phantastron. 

In the steady condition of this circuit, 
the anode potential is fixed by the 
setting of Rs. Rs and Re, in series with 
R, are small in comparison with 2 so 
that a wide range of anode potentials may 
be obtained. No anode current flows in 
V, during the quiescent period and the 
other potentials are exactly as de- 
scribed for the basic phantastron circuit. 
A negative trigger pulse is applied via 
C, to the cathode of V;. This pulse is 
applied to V, in series with the anode 


Fic.16-42 Phantastron sweep generator with 
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resistor of V2. Since Re is a large resistor, 
most of the voltage change appears 
across Ry. The negative pulse is there- 
fore developed at the anode of V» and 
at the grid and cathode of V3. It is 
applied in the same polarity to grid 1 
of V2 via C2. This trigger pulse reduces 
the cathode current and cathode poten- 
tial momentarily and thereby starts the 
flow of anode current. A further decrease 
in anode potential takes place, which is 
fed via V3 and C2 to the grid 1 of the 
phantastron valve. The switching action 
therefore continues, independent of the 
triggering pulse. 

As the anode potential falls, the anode 
of V; becomes negative to its cathode 
and so this valve stops conducting. It 
therefore acts as an open circuit between 
the anode of V2 and the potentiometer 
circuit preventing the latter from loading 
the anode circuit. The cathode follower 
serves mainly to recharge C2 after the 
cycle has been completed. This capacitor 
which was required to charge through 
the high resistance of the anode load 
resistor in the basic circuit is now able 
to charge through the low cathode-anode 
resistance of V3. This permits the anode 
potential of the phantastron to resume 
its normal value in a short time, eliminat- 
ing the trailing edge of the waveform 
shown in Fig. 16-41. 

The phantastron circuit may also be 
used to develop the range step for 
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Fig.16-43 Range marker on type A pres- 
entation. 


accurate ranging on radar echoes. The 
output negative pulse from the V3 cath- 
ode must be squared by additional circuits 
before application to the c.r.t. A poten- 
tiometer with a linear relationship be- 
tween angle of rotation and resistance 
value is used as the range potentiometer 
R;. It is operated by the handwheel for 
shifting the range step. The range dial 
which is geared to the handwheel is 
linearly calibrated to track with the 
range step throughout the entire trace 
on the c.r.t. 
C. Variations of Range Step 

The principle of the range step operated 
by a handwheel and aligned with a range 
dial may be applied in a number of ways. 
These include the range marker, strobe 
pulse, range notch and range pedestal. A 
brief reference to each of these types 
follows, together with the appearance of 
the c.r.t. trace in each case. 

1. Rance MARKER. 

The trailing edge of the square pulse 
which appears as the range step may be 
differentiated to form a sharp pulse, 
inverted by an amplifier and applied to 
the top Y-plate to produce an upward 
pip on the trace. It is similar in appear- 
ance to an echo pulse and is shown in 
Fig. 16-43. The method of ranging on a 
target is similar to that using a range 
step. The marker is shifted along the 
trace until its leading edge coincides 
with the leading edge of the echo and the 
range read from the range dial. 

2. STROBE PULSE. 


If the positive range marker pulse 
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referred to above is applied to the inten- 
sity grid instead of the upper Y-plate of 
the c.r.t., the electron beam is increased 
in intensity and a bright spot appears on 
the trace. Such a pulse is called a strobe 
pulse. The strobe spot may be moved to 
any position along the trace as in the 
case of the range marker. It is adjusted 
to illuminate the leading edge of the 
echo (Fig. 16-44) and the range is read 
from the range dial. 


3. RANGE NotcuH anD RANGE PEDESTAL. 


The trailing edge of the square pulse 
from the range step generator may also 
be used to trigger a second square wave 
generator. The output of the latter 
circuit is then applied as a negative 
square wave to the upper Y-plate to 
produce a range notch as shown in Fig. 
16-45 (a). Alternatively, a positive 
square wave may be applied to the 
upper Y-plate to produce a pedestal as 
in Fig. 16-45 (b). In either case, the 
notch or pedestal is shifted by the delay 
circuit until its leading edge coincides 
with the leading edge of the echo pulse. 
The range is then given by the range 
dial. 
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Fiac.16-45 Range notch and range pedestal on 
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Fia.16-46 Expanded sweep on type A pres- 
entation (a) Appearance of trace on c.r.t. (b) 
Waveform of sweep voltage applied to right 
X-plate. 


D. Expanded Sweeps 

The problem of aligning the leading 
edge of a range step, range marker, notch 
or pedestal with the leading edge of an 
echo is one which may limit the accuracy 
of the radar set to a serious degree. 
This is especially important in the case 
of long-range sweeps in which an error 
of one-tenth of an inch in setting the 
range step along the trace corresponds 
to several miles error in range to the 
target. In order to facilitate a more 
accurate setting, an expanded sweep is 
sometimes used. Such a sweep in effect 
magnifies a small area of the trace in 
the region containing the echo and range 
step. The effect is shown in Fig. 16- 
46 (a). The sweep is made to progress at 
a normal rate from a to b. In the region 
from b to c which includes the range 
step, the sweep is made to progress more 
quickly than normally from left to right. 
This effect is produced by causing the 
deflecting voltage on the right X-plate 
to rise more steeply during the interval 
b to c, Fig. 16-46 (b). The trace and 
echoes appear somewhat fainter in this 
region because there are fewer electrons 
striking the screen per unit of length of 
scan. In the region from c to d the sweep 
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Fic.16-47 Sweep voltages used to expand 
sweep. 


is made to proceed at its normal slower 
rate again so that the trace is as bright 
as in the interval from a to b. 

The expanded sweep may be produced 
by electrostatic or electromagnetic de- 
flection. In either case, the fast sweep 
is superimposed upon the slow sweep. 
The complex waveforms of voltage 
applied to the X-plates is shown in Fig. 
16-47. A circuit used to produce such a 
sweep voltage is shown in Fig. 16-48. 
The circuit is a constant-current-pentode 
sweep generator similar to that shown 
previously in Fig. 16-11. The pentode 
valve Vz is connected in series with a 
triode V; across the H.T. supply. V;, is 
unbiased as its grid is returned to its 
cathode. Hence only a small part of the 
supply voltage appears across this valve. 
The pentode valve is biased in its 
cathode circuit while its grid is returned 


Fia.16-48 Circuit used to produce expanded 
sweep voltage. 
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Fic.16-49 Block diagram of double-sweep 
circuits. 


Sweep voltage 
generator 


to ground. In the normal state the anode 
potential of V2 is high and the sweep 
capacitor Cy is charged to this potential. 
When the sweep is to commence, at 
time a in the diagram, the grid potential 
of V, is made sufficiently negative by a 
negative square pulse applied via C, to 
cut off the flow of current through this 
valve. Cy, begins to discharge through 
the cathode resistor Ry and Ve. This 
produces a linear fall of voltage across 
C, indicated by ab. At this point, a 
positive square pulse of voltage is applied 
to the grid of V2. This reduces the bias 
on V2 and causes it to conduct a larger 
current during the period bc. The sweep 
capacitor therefore discharges at a faster 
rate and the sweep voltage falls more 
steeply. At c the grid voltage to V2 is 
returned to normal and so the sweep 
capacitor discharges at its initial rate 
from c to d. The voltage across C4 
is applied to the left X-plate of the 
c.r.t. A paraphase amplifier inverts this 
voltage waveform and applies it to the 
right X-plate. 

The timing of the square pulse to the 
grid of V2 is controlled by a delay circuit 
similar to that which develops the range 
step. It is arranged to begin the pulse at 
time 6 shortly before the range step is 
produced and to continue it to time c 
shortly after the range step ends. In 
this way the range step always appears 
in the expanded sweep region. The range 
step may then be accurately aligned 
with the leading edge of the echo pulse 
and an accurate determination of range 
to the target obtained from the range 
dial. 
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Frq.16-50 Rectangular type of double sweep. 


E. Double Sweeps 

For accurate measurement of time 
intervals, it is desirable to extend the 
physical length of the sweep. In this 
way a longer line may be used to repre- 
sent the same time interval as the single 
line trace considered previously. A 
number of methods have been devised 
for extending the length of the sweep 
without using a larger c.r.t. One of these 
is the double-sweep method shown in Fig. 
16-49. The sweep voltage generator is 
made to operate at double its normal 
frequency so that two sweeps are pro- 
duced in the time formerly taken by a 
single sweep. The two sweeps are 
separated from each other by a square 
wave of voltage applied to the Y-plates. 
The trace-separation voltage is obtained 
from an KEccles-Jordan circuit which 
receives its input from the sweep genera- 
tor. At the start of the first sweep, the 
sweep voltage generator triggers the H-J 
circuit which in turn applies a steady 
positive potential to the upper Y-plate 
of the c.r.t. During the flyback time, 
the sweep generator triggers the H-/J 
circuit again. This circuit then applies 
a steady negative potential to the upper 
Y-plate which depresses the scan during 
the next sweep. The path of the electron 
sweep in the c.r.t. is indicated by the 
arrows. This type of sweep is not 
generally used in radar sets as there is a 
possibility of echoes being lost during 
the flyback time between the sweeps. It 
does, however, find application in elec- 
tronic navigational-aid equipment. 

A variation of the double-sweep method 
is illustrated by the block diagram of 
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Fic.16-51 Basic operation of circular-sweep 
generator. 


Fig. 16-50. The sawtooth generator 
produces a linear forward sweep as in 
the previous circuit, followed by a linear 
backward sweep of the same duration. 
This voltage is amplified and inverted 
and is applied to the X-plates of the 
c.r.t. The electron beam is swept at a 
uniform rate from left to right, then 
from right to left. These two sweeps 
are separated as before by an Eccles- 
Jordan circuit which is triggered at the 
beginning of each forward and backward 
sweep. As a result, the trace follows the 
rectangular pattern indicated in the 
diagram. 


F. Circular, Elliptical and Spiral Sweeps 


The physical length of the trace may 
also be increased by causing the electron 
beam to trace out a circular pattern on 
the screen of the c.r.t. The method of 
producing such a sweep has already been 
suggested in Chapter IV under the head- 
ing of Lissajous figures. If two sine wave 
voltages of equal amplitudes and 90° 
difference in phase are applied to the 
horizontal- and vertical-deflection plates 
simultaneously, a circular trace is 
produced. 

The basic circuit used to produce a 
circular sweep is shown in Fig. 16-51. 
A sinusoidal waveform of voltage is 
applied across Rz and C in series. The 
same current therefore flows through 
each of these components. The voltage 
developed across Rz is in phase with the 
current while the voltage across C lags 
the current by 90°. The voltage across 
Rz is used as the horizontal-deflection 
voltage while that across C is applied to 
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_ Fia.16-52 Production of circular sweep from 
sinusoidal voltages 90° out of phase. 


the vertical-deflection plates. The direc- 
tion of the sweep may be determined by 
analyzing the instantaneous voltages 
applied to the X- and Y-plates at 90° 
intervals during one complete cycle (Fig. 
16-52). At time a, the voltage applied 
to the horizontal-deflection plates is zero 
while that applied to the vertical-deflec- 
tion plates is a maximum negative. The 
spot therefore appears at position a in 
the c.r.t. A quarter cycle later, at time b, 
the horizontal-deflection voltage is a 
maximum positive and the vertical-de- 
flection voltage is zero. Consequently 
the sweep is at point b in the c.r.t. 
Another quarter cycle later, the horizon- 
tal-deflection voltage is again zero while 
the vertical-deflection voltage is a maxi- 
mum positive. The spot is therefore at 
position c in the c.r.t. After another 
quarter cycle has passed the sweep has 
advanced to position d. The sweep 
therefore rotates counter clockwise in 
this case. The direction of rotation may 
be reversed by interchanging the horizon- 
tal-and vertical-deflection voltages. 

If the amplitude of the horizontal- 
deflection voltage is greater than that of 
the vertical-deflection voltage, the trace 
becomes an ellipse with its horizontal 
axis greater than its vertical axis.. If the 
vertical-deflection voltage is the greater 
one, the vertical axis is greater than the 
horizontal axis. An elliptical sweep may 
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also be produced by applying deflection 
voltages of equal amplitudes and a phase 
difference other than 90°. 

If the amplitudes of two equal deflec- 
tion voltages, 90° out of phase, are both 
increased, a circular trace of larger 
diameter is produced. This may be 
accomplished with the circuit of Fig. 
16-51 by moving the variable tap of R, 
upward. A spiral trace may be obtained 
by increasing the amplitudes of the 
deflection voltages gradually as the sweep 
progresses. Such a trace is shown in 
Fig. 16-53. The five loops of the spiral 
are produced by moving the variable 
tap of R, from its minimum to maximum 
output settings during five cycles of 
the deflection voltage. High-speed spiral 
sweeps may be produced by replacing 
Ri by a valve amplifier whose gain is 
swept through the required range by an 
auxiliary control circuit. Such a circuit is 
shown in Fig. 16-54 in which a pentode 
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valve is used as the control circuit. A 
sinusoidal voltage of constant amplitude 
and the desired sweep frequency is ap- 
plied to the control grid of the valve. The 
amplified sine wave of voltage developed 
at the anode is applied across R4 and C3 
in series. This network supplies the 
out-of-phase deflection voltages to the 
c.r.t. The amplification of the valve is 
swept through a definite range of values 
by. a sawtooth waveform of voltage 
applied to the screen grid. This causes 
the amplitude of the sweep voltage to 
increase and produces the spiral sweep 
as previously explained. 

When a circular or spiral sweep is 
employed to measure an interval of 
time, some method must be used to 
indicate the beginning and end of the 
time interval. This may be done by 
applying a positive voltage pulse to the 
screen grid of the control valve. The 
basic circuit used to apply signal pulses 
to a circular sweep is shown in Fig. 
16-55. Transmitter and echo pulses 
applied to the screen grid increase the 
gain of the amplifier momentarily. This 
increases the amplitude of the deflection 
voltages applied to both the X- and 
Y-plates. The trace jumps suddenly 
to a circle of larger diameter for the 
duration of the pulse as shown in the 
diagram. y 
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Fic.16-55 Signal pulses on a circular sweep. 
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16.7 Questions and problems. 


Ue 


What are the three basic types of 
scans used in Service radar presenta- 
tions? 


. Outline the method by which the 


range to a target is presented by a 
type A scan. 


How is the bearing of a target deter- 
mined when a type A scan is used? 


Why is it desirable to have a linear 
sweep in the c.r.t. circuit? 


. What information is presented by a 


type B scan? 


Explain how the aerial is synchro- 
nized with the horizontal sweep in a 
type B presentation. 


. (a) What is the meaning of the 


initials PPI? 


(b) What letter is used to designate 
this type of scan? 


How does the bearing presentation 
in a PPI system differ from that in 
a type B system? 


(a) What is meant by the term 
long persistence of vision? 


(b) Why is it desirable in the case 
of PPI presentations? 


What is the principal merit of the 
PPI scan? 


(a) What is a thyratron? 


(b) Why is it sometimes called a 
switching valve? 


Explain the switching action of the 
thyratron in the sweep circuit of 
Fig. 16-5. 


In what respect is the triode cut-off 
type of circuit preferable to the 
thyratron type as a radar sweep 
generator? 
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(a) Make a diagram of the triode 
cut-off sweep generator and draw 
the input and output voltage 
waveforms. 


(b) 


Explain the operation of the 
circuit. 


(a) 


Make a diagram of a constant- 
current-pentode sweep generator. 


(b) Why would a triode valve not 
be suitable in place of the pen- 


tode? 


How does the constant-current char- 
acteristic of the valve contribute to 
the linearity of the sweep? 


(a) What controls the duration of 
the sweep in the above circuit? 


(b) What controls the speed of the 
sweep? 


(c) What controls the amplitude of 
the sweep voltage? 


What is the purpose of a cathode 
follower feedback circuit following a 
sweep generator? 


Explain how the cathode follower 
fulfils its purpose. 


What factors limit the linearity 
obtainable with a cathode follower 
feedback circuit? 


Make a diagram of a simple inte- 
grating circuit. 


What is the effect of integrating 
(a) a square wave of voltage 


(b) a sawtooth wave of voltage? 


How is integration employed to im- 
prove the linearity of a sweep 
generator? 


Make a diagram of a Miller time- 
base generator and explain its opera- 
tion with the aid of drawings of the 
voltage waveforms at the suppressor, 
grid and anode of the valve. 
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(a) What is a paraphase amplifier? 


(b) Why is such a circuit usually 
employed in radar indicators? 


(a) Make a diagram of a two-stage 
resistance-capacitance coupled 
phase inverter. 

(b) How does it differ from a multi- 
vibrator circuit? 


. How does a split-load amplifier com- 


pare with a two-stage phase inverter 
as to 


(a) complexity of components 


(b) amplification? 


What is the chief source of distortion 
in the phase inverter circuit? 


How is this distortion largely over- 
come by the self-balancing phase 
inverter? 


How does the second valve of the 
cathode-coupled phase inverter 
receive its signal? 


How does the cathode coupling affect 
the gain of the first stage in the 
above circuit? 


Explain how the cathode-coupled 
phase inverter may be used to supply 
d-c centering voltages as well as 
sweep voltages to the c.r.t. 


State two methods used to deflect 
the electron beam horizontally and 
vertically by magnetic deflection in 
arCr.t: 


Which of the two magnetic deflection 
methods is commonly used with 


(a) B type scans 
(b) PPI scans? 
What waveform of voltage must be 


used to produce a linearly increasing 
current in 


(a) a resistor 
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(b) an inductance 
(c) an inductor containing some 
resistance? 


Draw the basic circuit of a trapezoi- 
dal generator and explain its opera- 
tion. 


What is the purpose of the sweep 
power-amplifier stage? 

Explain the operation of the power 
amplifier 

(a) between sweeps 

(b) during the sweep. 

(a) What is the purpose of the diode 


connected across the deflection 
coil? 


(b) Explain its operation during the 
sweep and at the end of the 
sweep. 


What determines 

(a) the duration of the sweep 

(b) the speed of the sweep 

(c) the physical length of the trace 
in the PPI tube? 


Why must the amplitude of the jump 
voltage be changed for different 
ranges? 


(a) On which range must the jump 
voltage be greatest? 


(b) How is this accomplished? 


What is the purpose of the feedback 
introduced by the cathode circuits of 
V. and V; in Fig. 16-30? 


Explain the operation of these two 
feedback lines. 


What is meant by calibration of a 
scan? 


Why is the period 12.2 micro- 
seconds commonly used as the basic 
unit of time in calibration circuits? 
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Explain with the aid of adiagramhow 62. What causes the second switching 


a type A scan may be calibrated with 
2000-yard and 10,000-yard markers. 


Why must the calibration markers 
be synchronized with the beginning 
of the sweep? How is this accom- 
plished? 

What is the function of a gating 
circuit? 

Make a diagram of a gated amplifier 
and explain its operation 

(a) as an open gate 

(b) as a closed gate. 

Describe the appearance of the PPI 
calibration. 


How is the PPI calibration pattern 
obtained? 


What is the purpose of the A scan 
range step? 

How is the position of the range step 
controlled 

(a) physically 

(b) electrically? 

Describe the connection between the 
range step, handwheel and range dial. 


What is the procedure for ranging 
on a target when a range step is used? 


Make a diagram of a basic type of 
delay multivibrator and explain its 
operation. 

Why is the basic type of multivibra- 
tor unsuitable as a range step 
generator? 

Make a drawing of the phantastron 
circuit in which the pentagrid valve 
is represented as two separate valves 
to show its similarity to a multi- 
vibrator. 

Which of the grids controls the divi- 
sion of current to the screen and 
anode of the valve? 

Explain the voltage changes at the 
anode, grid 1, and cathode of the 
valve during the linear run-down 
period. 
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action to take place in the phanta- 
stron? 


What determines the duration of the 
pulse in the phantastron circuit? 


How is the delay varied? Under what 
conditions is the delay a maximum? 


What is the purpose of the cathode 
follower connected to the basic phan- 
tastron circuit? 


What is the purpose of the diode 
connected in the time control circuit 
of the phantastron? 

List four variations of the range step 
used in accurate ranging indicators. 
How is a strobe spot produced? How 
is it applied to the e.r.t.? Describe 
its appearance. 

What is the purpose of an expanded 
sweep in an indicator? 


Make a diagram of an expanded- 
sweep generator. 


Draw a c.r.t. scan to show the effect 
of the expanded sweep on echo pulses 
and calibration markers. 


What is the purpose of a double 
sweep in a c.r.t.? 


Make a block diagram of a circuit 
which produces a double sweep in an 
electrostatic deflection c.r.t. 


Explain how a circular sweep may be 
produced in a c.r.t. employing elec- 
trostatic deflection. 


In what two ways may the deflection 
voltages be altered to produce an 
ellipse? 

How maya spiral sweep be produced? 


Draw a diagram of a valve circuit 
used to produce a circular sweep and 
present signals on the trace. 


Explain the operation of the circuit 
when a signal voltage pulse is applied 
to it. 


CHAPTER XVII 


RADAR SYSTEMS 


Radar systems which are used by the 
Service vary greatly in complexity and 
performance. They range from the com- 
paratively simple sets used as warning 
devices against surface targets to the 
highly refined equipments required to 
search for distant ships and aircraft and 
to train armament against these targets. 
The principles on which all of these sets 
operate are, however, basically the same. 
Consequently the functional components 
of all radar sets are the same. The degree 
of refinement of these components is de- 
termined by their particular applications 
and is found in the individual com- 
ponents, not in the addition of new basic 
units. 


17.1 Fundamental components of a 
radar set. 


A. Block Diagram 


The fundamental components of all 
radar systems are shown in the block 
diagram of Fig. 17-1 and are as follows. 
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1. THe TiMeR (TRIGGER UNIT OR 

SYNCHRONIZER). 

This unit synchronizes the indicator 
and the transmitter circuits. At regular 
intervals it produces a signal pulse which 
causes the sweep to start in the indica- 
tor. At the same time, or at a precise 
time later, the timer produces a signal 
pulse which causes the transmitter to 
send out a pulse of radio-frequency 
energy. The timer repeats its sequence of 
synchronizing pulses at the pulse repeti- 
tion frequency of the radar set. 

2. THe MopvuatTor. 

The modulator receives the synchro- 
nizing pulse from the timer and develops 
a high-voltage, high-power pulse which 
turns on the transmitter for a short 
interval of time. 

3. THE TRANSMITTER. 

This unit is a very-high-frequency, 
high-power generator of radio-frequency 
energy. It produces a radio wave of 
constant frequency and amplitude for 
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the short interval of time during which it 
is turned on by the modulator. 
4. Tue T-R Switcu. 

This is an electrically operated switch 
which effectively disconnects the aerial 
from the receiver and connects it to the 
transmitter during the production of the 
transmitter pulse. During the remainder 
of the operating period, the T-R switch 
connects the aerial to the receiver. 

5. THE AERIAL. 

The aerial system acts as a radiator 
of the transmitter energy when the trans- 
mitter is pulsed. It also serves to receive 
the echo pulses and convey them to the 
receiver. The aerial is usually made 
directive for both transmission and re- 
ception so that the bearing as well as 
the range of the target may be de- 
termined. 

6. THE RECEIVER. 

The receiver receives the r-f energy 
pulses reflected from the target. It 
amplifies these weak signals and _ pro- 
duces video pulses of sufficient amplitude 
to produce visual indications in the 
indicator. 

7. THE INDICATOR. 

This unit is the electrical stop-watch 
which measures precisely the small 
interval of time required for the trans- 
mitter pulse to travel to the target and 
the echo to return. It may be used also 
to show the bearing and elevation of the 
target. 

8. THe PowrEr Suppuy. 

The power supply delivers H.T. and 
L.T. voltages to all the valves, motor, 
etc. in the radar set. 


B. Operation Factors 


Before proceeding to a further discus- 
sion of the basic components of a radar 
set, it is well to consider certain other 
factors which affect the operation of the 
equipment. These include the choice of 
transmitter frequency, pulse repetition 
frequency and pulse width. 
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1. TRANSMITTER FREQUENCY. 

The choice of carrier frequency is de- 
termined chiefly by the directivity re- 
quired of the aerial system and the pro- 
duction, transmission and reception of 
the r-f energy. It is usually desirable 
to make the transmission as directive as 
possible in order to secure maximum 
range and accuracy of bearing. More- 
over, the higher the frequency, the shorter 
the wavelength and so the smaller the 
physical size of the radiating elements 
which make up the aerial system. On 
the other hand, the difficulties involved 
in generating the carrier wave and in 
amplifying it in the receiver increase as 
the frequency increases. Special types 
of transmitting and receiving valves have 
been constructed with a minimum of 
interelectrode capacitance, stray induc- 
tance and transit time for use at radar 
frequencies. The range of radar frequen- 
cies now extends from about 100 Mc/s to 
10,000 Me/s. 

2. PutsE REPETITION FREQUENCY. 

This refers to the number of pulses per 
second sent out by the radar transmitter. 
It is determined largely by the maximum 
range of the radar set. Sufficient time 
must be allowed to elapse after a pulse 
has been transmitted to allow all echoes 
to return before a second pulse has been 
transmitted. Otherwise the reception 
and indication of echoes from distant 
targets may be confused by succeeding 
transmitted pulses. If, for example, a 
set has a maximum range of 200,000 
yards, the time required for a pulse to 
travel to a target at maximum range 
and return is 6.1200 or 1220 micro- 
seconds. In practice a period of 2000 
microseconds would be allowed to elapse 
between transmitter pulses to avoid all 
possibility of confusion. The pulse 
repetition frequency of the set would then 
be 500 cycles per second. 

3. Putse WIpTH. 
Pulse width refers to the duration of 
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the transmitter pulse. It is determined 
by the minimum target range. The 
transmitter pulse must end before an 
echo begins to return from the least dis- 
tant target. Otherwise the returning 
echo is obscured by the transmitter pulse 
and the target echo is indistinguishable. 
The pulse width is usually of the order of 
one half to two microseconds. Some- 
times the pulse width of a set may be 
changed by operating a switch on the 
front panel. The wider pulse is ordinarily 
used for distant objects as it contains 
more r-f energy, and the narrow pulse is 
used to follow a near target to minimum 
range. 

4. Duty CYCLE. 

The pulse repetition frequency and 
pulse width determine another constant 
of the set called the duty cycle. The duty 
cycle is the ratio of the pulse width to 
the pulse repetition period. It may also 
be expressed in terms of the average and 
peak power. The average power is the 
power averaged over the pulse repetition 
period. The peak power of the radar 
transmitter is the r-f power radiated by 
the transmitter during the pulse. Since 
the transmitter is turned off for a rela- 
tively long time between pulses, the 
average power is a small fraction of the 
peak power. These two values of power 
are illustrated by the shaded portions of 
Fig. 17-2. The area enclosed by the 
pulses is equal to the area enclosed by 
the average power level and the zero 
line. Hence, 
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For example, if a radar set pulses for 
one microsecond every 2000 microseconds 
with a peak power of 100 KW, then the 
average power 
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It is desirable to produce the highest 
possible peak power output in order to 
extend the effective range of the radar 
set to the maximum. The transmitter 
must, however, be operated within the 
limits of the average power dissipation. 
The duty cycle should therefore be made 
a minimum. This requires that the pulse 
width be kept small and that the repetition 
frequency also be limited to a small value. 

In practice the pulse repetition fre- 
quency is kept up to about 500 pulses per 
second for motor-driven aerials to ensure 
that targets are not missed between 
pulses. 


C. Long- and Short-Wave Radar 


Although it is stated previously that 
the useful range of transmitter frequen- 
cies extends from 100 Mc/s to 10,000 
Mc/s, Service equipments fall into two 
categories, long- and short-wave radar. 
Long-wave sets operate at about 200 
Mc/s and are characterized by trans- 
mission-line oscillators with triode valves, 
coaxial-line feed to the aerial system and 
dipole aerials with linear directors and 
reflectors to improve directivity. Short- 
wave radar, also called microwave radar, 
is operated in the region between 3,000 
and 10,000 Mc/s (10 cm. to 3 cm. wave- 
length). Microwave sets usually use 
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magnetron transmitters, waveguide 
transmission systems and parabolic re- 
flectors. The receiver local oscillator is 
generally of the klystron type and the 
first detector a crystal. Reference to 
these two types of radar sets will be 
made continually in the sections which 
follow. 

17.2 Radar timers (trigger units or 
synchronizers). The timing unit which 
synchronizes the transmitter and indica- 
tor may be a separate component, as 
suggested in the block diagram, or it may 
be a part of the power supply, trans- 
mitter, or indicator. These four possi- 
bilities are discussed in the following 
paragraphs. 


A. Separate Timing Unit 


When a separate timing unit is used 
to control the radar set, a stable oscilla- 
tor operating at the pulse repetition 
frequency is normally employed. It may 
be a multivibrator, blocking oscillator, 
or a sine-wave oscillator. Fig. 17-3 
shows the block diagram of a typical 
multivibrator timing unit and the volt- 
age waveforms produced. A free-running 
multivibrator produces a square wave of 
voltage at the required pulse repetition 
frequency of the set. This waveform is 


differentiated by an RC circuit to form a 
series of sharp positive and negative 
pulses. A diode clipper is then used to 
remove the negative pulses of the voltage 
waveform. The positive pulses are sent 
to the modulator and to the indicator 
simultaneously. Each of these pulses 
causes the modulator to turn on the 
transmitter and to start the sweep in the 
indicator at the same time. If a block- 
ing oscillator is used instead of the 
multivibrator, the differentiator is not re- 
quired. The sharp, single-swing oscilla- 
tions are passed to the clipper stage and 
thence to the modulator and indicator 
units. If a sine-wave oscillator is used 
instead of a multivibrator, an overdriven 
amplifier is inserted ahead of the dif- 
ferentiator to develop a square wave of 
voltage. The use of a separate timing 
unit provides a certain amount of flexi- 
bility of the pulse repetition frequency. 
If several sets are operating simultane- 
ously at the same place, they may be 
made to pulse at slightly different rates 
to prevent interference with each other. 


B. Power-Supply Timing 


In order to reduce the size and weight 
of transformers, capacitors and chokes 
in the power supply units, it is common 


RADAR SYSTEMS 


Di fferentiato 


Overdriven 
amplifier 
Sinusoidal 


voltage from power line 


17:5 


; 
Modulator 


Clipper 


Indicator 


Fie.17-4 Block diagram of a power-supply timer. 


practice to use a power-supply frequency 
of the order of 500 cycles per second. 
This frequency is also a suitable pulse 
repetition frequency to control the radar 
set. A block diagram of the stages re- 
quired to produce contro! signals from 
the line voltage is shown in Fig. 17-4. 
The sinusoidal voltage waveform from 
the supply line is applied to an over- 
driven amplifier which produces a square 
waveform of voltage. This waveform is 
then differentiated and clipped to form 
a series of positive pulses which trigger 
the modulator and indicator units. If 
several sets are to be operated at one 
time, the phase of the supply voltage is 
shifted by a different amount in the input 
to each set. For example, four sets may 
be operated one quarter of a cycle apart. 
If the supply frequency is 500 c/s, the 


‘od ig —— of a second or 2000 micro- 
period is 500 


seconds. Four sets may therefore be 
pulsed at 500-microsecond intervals to 
provide 80,000-yard sweeps without 
interfering with each other. 


C. Transmitter Timing 


The transmitter may establish its own 
pulse repetition frequency and provide 
synchronizing signals to the other cir- 
cuits in the set. A self-pulsing or block- 
ing oscillator with properly selected 


values of circuit components may be used 
to provide the action. A part of the r-f 
transmitter energy is supplied to the 
indicator to start the sweep at the same 
instant as the transmitter is pulsed as 
shown in Fig. 17-5. 


D. Indicator Timing 


An alternative method of timing the 
radar set is by means of a crystal- 
controlled oscillator in the indicator unit. 
The calibration oscillator which operates 
at a frequency of 81.95 Ke/s to produce 
2000-yard calibration markers is ordi- 
narily used for this purpose. The 
frequency of the crystal oscillator is 
stepped down by a series of blocking 
oscillators or equivalent frequency 
dividers to obtain the desired pulse 
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repetition frequency. The circuits re- 
quired for this type of timing are shown 
in Fig. 17-6. The first blocking oscillator 
produces one cycle of output for every 
five cycles which it receives from the 
crystal oscillator. The output of the first 
blocking oscillator is supplied to the 
second blocking oscillator and to the 
c.r.t. as 10,000-yard markers. The second 
blocking oscillator produces one cycle of 
output for every 25 pulses which it 
receives from the preceding circuit. It 
therefore operates at a frequency of 
656 c/s. These pulses are used to turn 
on the transmitter and to start the sweep 
in the indicator circuit. The pulse 
repetition frequency of the set is there- 
fore 656 c/s. 

17.3 Radar modulators and trans- 
mitters. 


A. Transmission-Line Oscillator 
and Modulator 


An example of a long-wave, low-power 
radar transmitter and modulator is shown 
in simplified schematic form in Fig. 17-7. 
The transmitter is a push-pull transmis- 
sion-line oscillator with tuned circuits 
in the anode and cathode lines. The grids 
are connected to ground and the anodes 
supplied with 10,000V H.T. through the 
charging resistor R; and a radio-frequency 
choke. The valves are maintained in a 
non-conducting state between pulses by 


a positive potential of 1000 volts applied 
to the cathodes from the anode of Vj. 
The grids are therefore 1000 volts nega- 
tive to the cathodes and the storage 
capacitor C3 is charged to 9000V across 
the transmitter. 

The modulator valve V;isalsonormally 
biased off by a positive potential applied 
to its cathode from the voltage divider 
R2,R,4across the H.T. supply. No current 
flows through R, and so the anode poten- 
tial of the modulator is at the H.T. 
potential. The valve is turned on by a 
high-power positive pulse to the grid 
from a pulse-forming circuit which is not 
shown. This pulse is of rectangular 
waveform and of sufficient amplitude to 
drive the grid of V; considerably positive 
to its cathode. The valve conducts 
heavily and develops a large p.d. across 
R,. The anode potential of V, therefore 
falls abruptly causing the cathode poten- 
tial of the transmitting valves to fall 
also. This removes the paralyzing bias 
from the transmitter and oscillations are 
produced. 

The duration of the transmitter pulse 
may be determined by either of two 
limiting factors. The storage capacitor 
C3; supplies the cathode-to-anode current 
through V2 and V;. As this current 
continues to flow, C3; discharges and the 
p.d. across it decreases. Eventually the 
p.d. which it applies to the transmitter 
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falls below the critical value required to 
maintain oscillation, and the transmitter 
pulse ends abruptly. Cs; may be chosen 
of such a size as to permit the oscillation 
to continue for a period of one to two 
microseconds as required by the set. The 
capacitor then recharges gradually 
through R; before the circuit is triggered 
again. 

If C3 is made relatively large the dura- 
tion of the transmitter pulse may be con- 
trolled by the modulator. When the 
trigger pulse applied to the grid of V; 
ends, the grid potential falls below cut- 
off again. The valve stops conducting 
and the anode potential again rises to 
1000 volts. This re-imposes the paralyz- 
ing bias on the transmitter until the 
modulator is turned on again. If the 
modulator is used to control the duration 
of the transmitter pulse, the trigger unit 
which drives the modulator must pro- 
duce a well shaped pulse. It must have 
steep leading and trailing edges and a 
flat top in order that the transmitter 
oscillations be of constant frequency and 
amplitude during the pulse. 

The r-f energy developed by the trans- 
mitter is picked up by a tuned trans- 
mission-line section inductively coupled 


to the anode lines. The energy is fed by 
coaxial cable to the aerial assembly for 
radiation. 


B. Magnetron Transmitter and 
Hard-Valve Modulator 


A hard-valve circuit is shown in simpli- 
fied form in Fig. 17-8. The circuit con- 
sists of a discharge-line pulse former, a 
cathode-loaded amplifier and a power- 
amplifier modulator. It is capable of 
supplying a high-voltage, high-power 
negative pulse to the cathode of the 
magnetron to turn it on each time a 
trigger pulse is received from the timer 
unit. 

1. Putse ForMER. 

V, isa thyratron valve connected in a 
low-power discharge-line circuit which 
develops a rectangular voltage pulse. The 
valve is normally biased off by a negative 
voltage on the grid from a separate 
supply. The capacitors in the discharge 
line charge up through Rs, and R, to 
300 volts from the H.T. supply. When a 
positive trigger pulse is applied to the 
grid of V, the valve conducts heavily. 
The impedance of the discharge line is 
matched to the impedance of R3 and the 
valve when conducting. Consequently 
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the p.d. of the discharge line falls from 
300 volts to 150 volts and a p.d. of 150 
volts is developed across R; and V,. This 
condition exists while a wavefront of 
current travels down the discharge line 
and returns. At the end of that time, 
the line is discharged and the p.d. across 
R3 falls to zero. A rectangular positive 
pulse of voltage is therefore developed 
across R3, with a duration of about one 
microsecond, the duration determined by 
the discharge line. This signal is applied 
between grid and cathode of the follow- 
ing valve. 

2. Driver STAGE. 

The driver is placed between the pulse 
former and the modulator to develop a 
high-voltage, high-power pulse of rec- 
tangular waveform to the modulator. It 
is necessary to drive the grids of the 
modulator valves considerably positive 
to their cathodes to make them conduct 
heavily enough to turn on the transmitter 
effectively. The driver shown in this 
circuit is a cathode-loaded amplifier, 
which is sometimes known as a bootstrap 
circuit. A cathode-loaded amplifier is one 
which has its load resistor in the cathode 
instead of the anode circuit. The input 
voltage is applied between the grid and 


cathode and the output is taken from the 
cathode load resistor. In this respect it 
is different from a cathode follower in 
which the signal is applied between the 
grid and the lower end of the cathode 
resistor (Fig.17-9). The gain of a cathode 
follower can never be as great as one. 
The gain of a cathode-loaded amplifier 
is the same as that of an anode-loaded 
amplifier containing the same com- 
ponents. 

Several operational features of this 
circuit which distinguish it from the 
more conventional amplifiers will be- 
come apparent when a typical cycle is 
discussed. V2 is normally a much larger 
valve than V, and operates at a con- 
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siderably higher supply voltage. The 
valve is normally biased off by a negative 
voltage on its grid. This is shown as a 
separate bias supply in Fig. 17-8. Capa- 
citor C; therefore charges up to the H.T. 
supply voltage which is 1000 volts for 
this stage. No voltage exists across Rs 
between pulses. At the time V, con- 
ducts, a positive voltage from R3; is 
applied between grid and cathode of V2. 
This overcomes the bias and causes the 
valve to conduct heavily. The 1000V 
p.d. across C; is applied to Vz and Rg 
in series. Since the impedance of V2 is 
small when conducting, most of the 
supply voltage is developed across Rg. 
Thus a positive voltage pulse of rec- 
tangular waveshape is applied from Rs 
to the grids of the modulator valves V3 
and V4. It lasts for the duration of the 
pulse produced by the discharge line and 
has an amplitude considerably greater 
because of the amplification of the stage. 

A series of cathode-loaded amplifiers 
is well suited to the amplification of a 
positive pulse because all valves in the 
series receive positive input pulses and 
may be biased beyond cut-off during the 
long period between pulses. In this way 
the valves may be greatly over-driven 
during the pulse period without exceed- 
ing their average power-dissipation rat- 
ings. In pulse amplifiers of the more 
conventional anode-loaded type, each 
valve in the series reverses the polarity 
of the pulse. For this reason every 
second valve must be in a normally 
conducting state while the others are 
biased off between pulses. The maximum 
useful power output and over-all effi- 
ciency are limited by the power-handling 
capabilities of the normally conducting 
valves. 

The bootstrap circuit derives its name 
from the fact that during the pulse 
period, the cathode of each stage rises in 
potential by an amount equal to the sum 
of all the cathode potentials which follow. 
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For example, in the circuit of Fig. 17-8, 
the cathodes of V; and V2 are at ground 
potential during the inactive period as 
no current flows through R3 and Rg. 
If a p.d. of 750 volts is developed across 
R, during the pulse, and a p.d. across R3 
of 120 volts, then the cathode potential 
of V; must rise by 870 volts at the 
beginning of the pulse. The cathode 
potential of each stage in a series of 
cathode-loaded amplifiers rises in poten- 
tial by an amount equal to the sum of all 
the voltages developed in the subsequent 
stages due to the bootstrap effect. This 
requires that the entire circuit surround- 
ing V, be well insulated from ground. 
The input pulse to the grid of V; must 
be supplied through a circuit which is 
not directly connected to ground. One 
method of isolating the. input circuit 
from the first valve of the bootstrap 
circuit is by means of a diode as shown 
in Fig. 17-10. The bias voltage to the 
grid of the thyratron stage is applied to 
both anode and cathode of the isolating 
diode. In the steady state, no current 
flows through R;, Re, R3; and R, and 
so no p.d. exists across these resistors. 
The positive trigger pulse causes C, to 
charge through &, developing a positive 
voltage at the top of A. In parallel with 
this resistor is the diode valve in series 
with R, and R3. Thus the anode of the 
valve is positive to its cathode. The 
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valve conducts and the p.d. developed 
across Rz is applied between grid and 
cathode of the thyratron. When the 
thyratron conducts and the bootstrap 
action takes place, the cathode potential 
of the thyratron rises sharply. This 
makes the cathode of the diode positive 
to its anode. The valve is in a non- 
conducting state and presents a high 
impedance which isolates the thyratron 
from the trigger circuit. 

3. MopunaTor STAGE. 

The modulator stage (Fig. 17-8) con- 
sists of two large power amplifier valves 
V;and V4 connected in parallel. V;isa 
charging diode and V¢ is the magnetron 
transmitter. The modulator is main- 
tained in a non-conducting state by a 
bias arrangement shown here asa separate 
voltage source. When the supply voltage 
is connected, the capacitor Cs charges 
through the anode load resistor R» and 
the diode. Cs must therefore be capable 
of withstanding the full power-supply 
voltage of 12,000 volts. The cathode of 
the magnetron is only slightly positive 
to ground during the charging time due 
to the low impedance of the diode when 
conducting. 

A positive pulse is applied to the grids 
of the modulator from the cathode cir- 
cuit of the driver stage. It must be of 
sufficient amplitude not only to over- 
come the bias, but to drive the grids 
100-200 volts positive to make the valves 
conduct heavily. The p.d. of the capaci- 
tor Cs is applied acrass the magnetron 
and modulator in series. The p.d. re- 
quired to make the modulator conduct 
is kept as low as possible as the power 
consumed by this valve is wasted as far 
as the magnetron is concerned. The 
capacitor C, discharges through the mag- 
netron and the modulator valves. The 
capacitor must be capable of supplying 
the current required by the magnetron 
and maintaining the current at a 
reasonably constant value throughout 
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the duration of the pulse. 

Some conception of the operation of 
the capacitor may be obtained by con- 
sideration of an example in which the 
capacitance of C, is .025 microfarads and 
the pulse has one microsecond duration. 
Before the pulse, Cs is charged to 12,000 
volts by the power supply. All of this 
voltage appears between anode and 
cathode of the modulator valve which is 
biased off and is therefore an infinite 
impedance. The p.d. across the magne- 
tron is zero. When the modulator grid is 
driven positive at the beginning of the 
pulse, the valve conducts with about 
1000 volts between cathode and anode. 
The remainder of the p.d. across Cs is 
applied to the magnetron, namely 11,000 
volts. The initial current through the 
magnetron and modulator is about 11 
amperes. As Cs discharges throughout 
the pulse, the p.d. across it falls causing 
a reduction of current through the modu- 
lator and magnetron from 11 amperes to 
about 9 amperes. The average current 
flow is therefore 10 amperes, assuming a 
uniform decrease during the pulse. The 
amount of charge which must be sup- 
plied by C is given by the formula 

Q= Tt 
where Q = charge in coulombs 
I = average current in amperes 
t = duration of the pulse in 
seconds. 
Therefore Q = 10X1X107-§ 
= 10X10~-° coulombs. 
The fall in voltage, V, across C during the 
pulse is found from the formula 
Q=CV 
Therefore 10X10-* = .025x10-®V 
or V = 400 volts. 
Of this decrease in voltage, half appears 
across the magnetron and half across the 
modulator because their a-c impedances 
are approximately equal. Therefore as 
the voltage across the magnetron falls 
from 11KV to 10.8KV the current 
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through it falls from 11 amperes to 9 
amperes. A decrease in voltage across 
the modulator from 1000 volts to 800 
volts corresponds to a decrease in current 
through that valve from 11 amperes to 
9 amperes. Since the voltage and current 
changes are not great the power output 
and frequency of the magnetron is rela- 
tively constant during the pulse. 


C. Magnetron Transmitter and 
Thyratron Modulator 


An example of a thyratron modulator 
which may be used to supply a high- 
power negative pulse to the cathode of 
the magnetron transmitter is shown in 
Fig. 17-11. The modulator turns the 
transmitter on once during each cycle of 
the a-c supply voltage. Thus the pulse 
repetition rate of the set is the same as 
the frequency of the a-c supply. An 
explanation of each stage of the modula- 
tor-transmitter unit follows. 

1. TricGeR Circuit. 

V,and Ve, together with their associ- 
ated circuit components make up a 
pulse-forming circuit which triggers the 
modulator. These two valves are sup- 
plied with out-of-phase voltages from 
the transformer JT, secondary which is 
grounded at the centre. Vi is a diode 
valve connected in a conventional half- 
wave rectifier circuit. When the upper 
end of the 72 secondary becomes positive 
to ground, V; conducts and charges C3 
to the peak value of the secondary volt- 
age. During this half cycle, V2 does not 
conduct. The cathode of this valve is 
maintained at a steady positive d-c 
potential by the bias arrangement RC, 
and the grid of the valve is made nega- 
tive by 72 while V, is conducting. 

During the opposite half of the supply 
cycle, the anode of V: is made negative 
by 72 and this valve does not conduct. 
At the same time the grid of V2 is made 
increasingly positive by the opposite end 
of the secondary winding. Near the peak 
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of this voltage rise, the bias on the valve 
is Overcome and the valve conducts 
heavily. C3 discharges through Rs, C2 
and FR, in parallel, and V2. This de- 
velops a sharp rise in voltage at the top 
of &; which is the trigger pulse to V4. 
At the same time the pulse of current 
through the valve re-establishes the bias 
across Cy. The valve quickly de-ionizes 
as the p.d. across C3 drops and C2 main- 
tains the bias across R, until the next 
pulse is developed. The waveforms of 
voltage applied to the anode of V, and 
to the grid of V2 by the power trans- 
former JT, are shown in Fig. 17-12 (a) 
and (b). C; and R; form a phase-shifting 
network which permits the voltage to 
the grid of V2 to be shifted in phase 
from the voltage shown in the diagram. 
By adjustment of R3 it is possible to 
operate several radar sets from the same 
a-c supply without their interfering with 
each other. Each set is pulsed at a 
different time during the supply cycle 
so that echoes from one radar set will not 
be received by another set while the 
sweep is taking place in that other set. 
The positive trigger pulses developed 
across R; which are applied to the grid 
of the modulator valve are shown in 
Fig. 17-12 (c). 
2. MopuULATOR. 

V3 and V4, in the modulator operate in 
a manner similar to V; and V2 in the 
trigger circuit, but with much higher 
values of voltage and current. 71 is a 
high-voltage power transformer which 
supplies about 10,000 volts to the diode 
V; which is connected in a half-wave 
rectifier circuit. The anode of V3 is made 
positive during the same half cycle of 
the power supply that V, is made to 
conduct. V3 conducts to charge the 
capacitors in the discharge line to almost 
the peak voltage produced by 7. During 
this half cycle the modulator valve V, 
is biased off and so presents an infinite 
impedance across the discharge line. Dur- 
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ing the other half cycle of the supply 
voltage, the anode of V; is made negative 
and this valve does not conduct. The 
positive trigger pulse developed across 
R; in the trigger unit is applied to the 
grid of the thyratron Vy. This valve 
which is biased off for most of the cycle 
by the voltage across Ry and C; is made 
to conduct heavily with a low impedance 
to the flow of current. The voltage of 
the discharge line is applied across the 
series network consisting of 73, Rio, Ro 
and C; in parallel, and V4. The imped- 
ance of the discharge line is matched to 
the impedance of this network. The 
voltage to which the line is charged falls 
to half its previous value and the re- 
maining voltage is impressed upon the 
network. Most of this voltage appears 
across the primary winding of the auto- 
transformer 73 as the impedance of V4 
and its cathode circuit is relatively small. 
The duration of the pulse is controlled 
by the constants of the discharge line 
and is usually of the order of one half to 
two microseconds. At the end of this 
time, the capacitors in the line are dis- 
charged and the voltage across 7’; falls 
to zero. Since the electron flow is from 
the lower side of the line, down through 
T; and up through the cathode circuit 
and V4, the potential developed at the 
upper end of 7’; is negative with respect 
to ground. The pulse also re-charges Cs 
which maintains a bias voltage across 
R, between pulses. At the same time as 
the high-voltage pulse is produced across 
Ts, a positive voltage pulse is produced 
at the upper end of Ryo, This pulse is 
used to trigger the sweep in the indicator 
at the instant the transmitter is pulsed. 
The waveforms of the voltages at the 
anode of V3, at the top of Ri) and across 
T; are shown in Fig. 17-12 (d), (e) and 
(f). The milliammeter connected in the 
ground return of 7 measures the average 
direct current required to charge the 
capacitors in the discharge line. It is 
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therefore also a measure of the average 
of the varying direct current which flows 
in the form of pulses through the primary 
circuit of 73. 

3. TRANSMITTER. 

The voltage pulse produced across T'3 
primary is stepped down by the auto- 
transformer action and applied to the 
inner conductor of the pulse cable to the 
magnetron. 73 matches the impedance 
of the discharge-line circuit to the lower 
impedance of the pulse cable. At the 
transmitter end of the cable, a second 
auto-transformer 7’, steps up the pulse 
voltage to the cathode of the magnetron. 
The anode of the magnetron and the 
outer conductor of the pulse cable are at 
ground potential. Before the pulse takes 
place there is no p.d. across 7'3 and 7’, 
and so the inner conductor of the pulse 
cable and the cathode of the magnetron 
are also at ground potential. During the 
pulse, the inner conductor of the pulse 
cable is made several kilovolts negative to 
the outer conductor. Due to the step-up 
action of 74, the cathode of the magne- 
tron is made about 12,000 volts negative 
to its anode and ground. This causes the 
transmitter to produce oscillations for 
the duration of the modulator pulse. 


D. Spark-Gap Modulator 


Thyratron modulators for magnetron 
transmitters have one serious drawback. 
The modulator valve must be a very 
large valve to withstand 12,000 volts 
between anode and cathode during the 
non-conducting period and to pass 10 
amperes of current when conducting. 
The large filament current drawn by the 
valve requires that considerable heat be 
dissipated without the breaking of the 
glass seals. An alternative method of 
modulating the transmitter with a high- 
power discharge line is to use a spark gap 
instead of the thyratron valve. A simpli- 
fied diagram of a spark-gap modulator is 
shown in Fig. 17-13, in which the simi- 
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larity to the thyratron modulator is 
observed. The power supply charges the 
capacitors in the discharge line and pro- 
vides the lower operating voltages to the 
trigger circuit. The trigger circuit sup- 
plies a pulse of voltage which causes the 
spark gap to conduct at a predetermined 
instant. The discharge line then dis- 
charges through the pulse transformer 
T, and the spark gap. The impedance 
of the discharge line is made equal to 
that of 7, and the spark gap so that the 
line discharges in the form of a pulse. 
This pulse is carried by the pulse cable 
and JT, to the magnetron causing it to 
oscillate and send out the transmitter 
signal. Two types of spark gap are in 
common use, the fixed and the rotary 
type. 

1. Frxep Spark-Gap Mopvutaror. 

The fixed spark gap shown in Fig. 
17-14 consists of two spherical electrodes 
separated by a gap AB. This gap is 
made large enough so that it will stand 
the full H.T. voltage of the power supply 
without breaking down the air insula- 
tion. Mounted inside one of the spheres 
and insulated from it is a tungsten 
electrode C. The end of this‘electrode is 
separated from the sphere at A by a 
shorter distance than the main gap AB. 
A triggering potential is applied to C of 
sufficient amplitude to break down the 
air insulation between C and A. This 
produces a cloud of positive and negative 
ions which show as a spark at A. The 
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positive ions are attracted by the high 
negative potential of the cathode, caus- 
ing a break-down of the air between A 
and B. The ionization which is produced 
in this region forms a low-impedance 
path for the main discharge to take place 
from B to A. When the p.d. of the dis- 
charge line falls at the end of the pulse, 
the gas between B and A de-ionizes. The 
trigger pulse has also been removed and 
the discharge line begins a new charging 
cycle. The timing of the discharge can 
be precisely controlled by the application 
of the trigger pulse. The spark gap may 
be used for pulsing the magnetron with 
voltages several times as large as a 
thyratron modulator can stand. The 
current conducted by the gap during the 
pulse may be made to exceed 100 amperes. 
2. Rotary Spark-Gap MopunaTor. 
Nitrous oxide and ozone gases are pro- 
duced by the high-tension discharge of 
the spark gap. These gases cause corro- 
sion of the metallic surfaces of the spheres 
and tungsten electrode. This effect is 
more pronounced in the presence of 
water vapour and usually limits the life 
of the spark gap to about 200 hours. In 
order to extend the working period of 
the modulator, a rotary spark gap (Fig. 
17-15) may be used in place of the fixed 
spark gap. A number of electrodes are 
mounted near the edge of a rotating 
metal wheel. They pass successively 
between a fixed electrode and a pointed 
ion generator which are mounted on the 
same bracket. The fixed electrode and 
point form one terminal of the spark gap 
while the rotating electrodes form the 
other terminal. The discharge between 
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the fixed and the rotating electrode takes 
place when the distance between them 
has decreased to a critical value. The 
rotating electrode passes somewhat closer 
to the point terminal than to the fixed 
electrode. This, together with the fact 
that the ion generator is pointed, causes 
the arc to begin between the rotating 
electrode and the point. Almost im- 
mediately the ionization and discharge 
spread to the gap between the fixed and 
the moving electrode causing the main 
discharge to take place. The charging 
of the discharge line is synchronized with 
the rotation of the wheel. The line is 
charged while the fixed electrode is 
opposite the space between two moving 
electrodes. The discharge then takes 
place each time one of the rotating elec- 
trodes passes between the ion generator 
and the fixed electrode. Since the corro- 
sion caused by the arc is distributed over 
a number of electrodes, the life of the 
rotary spark gap is considerably longer 
than that of the fixed gap, being more 
than 1000 hours. It may be further 
extended by blowing the gases away with 
a fan or by absorbing them with a carbon 
absorber. 

A spark gap itself acts as a_high- 
frequency oscillator which radiates r-f 
energy. For this reason the gap must 
be enclosed in a grounded metal shield 
to prevent interference with other parts 
of the circuit. If this type of modulator 
is used in aircraft equipment, care must 
also be taken to maintain a constant air 
pressure around the gap as the break- 
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down voltage decreases when the pressure 
decreases. 

17.4 Radar receivers. Improvement 
in the design and construction of radar 
receivers has contributed a great deal to 
extending the useful range of radar 
equipment, perhaps as much as any other 
single factor up to the present time. 
While the technician is seldom called 
upon to design such equipment an appre- 
ciation of its potentialities and of the 
critical nature of its adjustments is re- 
quired if maximum efficiency of opera- 
tion is to be maintained. 

The purpose of the radar receiver is to 
accept small amounts of energy con- 
tained in the radar echo and to use them 
to control larger amounts of energy from 
the power supply. In this way the echo 
is amplified until it is of sufficient ampli- 
tude to cause a visual indication on the 
screen of the c.r.t.. The echo pulse picked 
up by the receiving aerial consists of an 
electromagnetic wave of very short dura- 
tion and very high frequency as deter- 
mined by the radar transmitter. <A 
particular example will serve to recall the 
nature of the receiver signal. 

Suppose a microwave radar transmitter 
operates at a frequency of 3000 Mc/s 
and transmits a pulse of duration 2 
microseconds. Then each transmitter 
pulse consists of a burst of r-f energy 
containing 6000 oscillations. This energy 
is radiated from the transmitting aerial 
in the general direction of a target. Of 
all the energy radiated by the trans- 
mitter, only a small fraction reaches the 
target, even with the use of a directional 
aerial. The energy that strikes the target 
is re-radiated in all directions. Conse- 
quently only a small percentage of the 
entire echo energy arrives back at the 
receiving aerial. It still contains, under 
ideal conditions, 6000 oscillations of con- 
stant frequency and amplitude but at a 
very low energy level. A high degree of 
amplification is therefore required of the 
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receiver to amplify the pulse to the level 
required by the indicator. 

The most important factor in the de- 
sign and adjustment of the receiver for 
optimum performance is the signal-to- 
noise ratio. 


A. Signal-To-Norse Ratio 


While it is possible to secure any de- 
sired degree of amplification by connect- 
ing a sufficient number of amplifying 
stages in series, undesired voltages de- 
veloped in the process may become so 
large as to mask the signal. These un- 
wanted electrical disturbances constitute 
what is known as receiver noise. They 
appear on the type A c.r.t. as grass and 
on the PP/ as an interrupted trace (Fig. 
17-16). Noise generated in any stage of 
the receiver is amplified by all the stages 
which follow. Consequently, the noise 
produced in the initial stages is largely 
responsible for that appearing on the 
c.r.t. If the amplitude of the noise volt- 
age generated in the first stage exceeds 
the amplitude of the echo signal, the 
signal voltage is lost. No amount of 
amplification by the succeeding circuits 
will serve to distinguish between signal 
and noise. It is desirable therefore to 
have the signal as large as possible and 
the noise level as low as possible. That 
is, the signal-to-noise ratio should be a 
maximum, and must be greater than one. 

The various sources of noise produced 
in an amplifier are discussed in Chapter 
IX on communication reception. Those 
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sources which are of prime importance 
in radar receivers are discussed again 
here, together with the methods that 
have been devised to reduce the effects 
to a minimum. They include thermal 
agitation, shot effect and induced 
voltages. 

1. SHot EFFEct. 

Shot effect refers to irregular emission 
of electrons from the cathode of the 
valve. Even with steady d-c voltages 
applied to the valve electrodes, a varying 
current may flow from cathode to anode 
due to irregularities in cathode emission. 
A varying voltage is therefore developed 
across the anode load resistor which is 
amplified by all the succeeding stages. 
Shot effect is more pronounced in screen 
grid valves than in triodes. The presence 
of a positive screen grid to divide the 
electron stream between screen and anode 
circuits magnifies the shot effect due to 
random division. Consequently triodes 
are preferable to tetrodes and pentodes as 
amplifiers in the initial stages of the 
receiver. A valve with a high value of 
transconductance is also desirable as it 
exercises a greater control on the electron 
stream and therefore minimizes the effect 
of uneven cathode emission. An increased 
space charge about the cathode pro- 
duced by increased heater potential is 
also effective in reducing shot effect in 
some valves. 

2. THERMAL AGITATION. 

Thermal agitation noise is caused by 
the random movement of the free elec- 
trons within a conductor. The average 
number of electrons entering and leaving 
a conductor over even a short period of 
time is the same. However, at any 
instant more electrons may be flowing in 
one direction in a conductor than in 
another direction, even when no p.d. is 
applied to the conductor. This results 
in a varying p.d. of random amplitude 
and frequency being developed by the 
conductor. It increases as the tempera- 
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ture and resistance of the conductor 
increases. This effect is ordinarily of 
little importance in amplifiers of moderate 
gain but becomes a limiting factor in 
obtaining the highest possible signal-to- 
noise ratio in radar receivers. 

3. INDUCED VOLTAGES. 

Induced voltages are set up in the grid 
circuit of a valve by any irregularity in 
the electron stream flowing from cathode 
to anode. Shot effect and thermal agita- 
tion which are developed in a previous 
stage, induce grid voltages which further 
modulate the electron stream through 
the valve. The effect is magnified by the 
amplification of the stage. Since the 
induced effect is greater when the current 
through the valve fluctuates more rapidly, 
there is a greater amplification of the 
high-frequency noise voltages than the 
low-frequency noise voltages. Induced 
grid voltages therefore depend upon the 
mean frequency at which the receiver is 
designed to amplify. This becomes a 
factor which influences the choice of the 
intermediate frequency of the receiver. 


B. Receiver Bandwidth 


The noise voltages which are generated 
by shot effect, thermal agitation and in- 
duced grid voltages are distributed 
throughout the entire range of the fre- 
quency spectrum. One method of limit- 
ing their effect, therefore, is to limit the 
amplification of the receiver to a narrow 
band of frequencies which includes the 
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transmitter frequency. This, however, 
is in direct conflict with the requirement 
for optimum shape of the rectangular 


waveform of the pulse outline. In order 


to prevent distortion of the pulse wave- 
form, the receiver must be capable of 
amplification over a wide range of fre- 
quencies. This range includes the carrier 
frequency and the upper and lower side- 
bands. The sideband frequencies are 
equal to the carrier frequency plus and 
minus the frequencies contained in the 
modulation envelope. An examination 
of the rectangular outline of the detected 
echo pulse is required to determine these 
frequencies. The waveforms of the input 
pulses and of the modulation envelope 
are shown in Fig. 17-17. These wave- 
forms cannot conveniently be drawn to 


scale. The pulse width is only ids of 


500 
the pulse repetition period of 1000 cycles 
per sec. and the pulse should contain 
6000 cycles for a carrier frequency of 
3000 Mc/s. The question of analyzing 
the rectangular waveform into sinusoidal 
components of the proper amplitude and 
phase relationships has been referred to 
elsewhere in connection with symmetrical 
square and sawtooth voltage waveforms. 
The diagram of Fig. 17-18 shows the 
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fundamental, the second harmonic and 
their sum which begins to resemble the 
rectangular waveform drawn below them. 
The addition of many more harmonics is 
required to improve the waveshape to a 
satisfactory degree. An amplifier must 
provide uniform amplification at all these 
harmonic frequencies if the rectangular 
waveform is not to be distorted. The 
quality of the reproduction increases as 
the amplifier bandwidth increases. Also, 
in order to make an amplifier yield a 
given quality of reproduction, the band- 
width must increase as the duration of 
the pulse decreases. This point is illus- 
trated by the waveforms of Fig. 17-19 
(a) and (b). The graphs of Fig. 17-19 (a) 
show the degree to which an amplifier 
will amplify a rectangular pulse of one 
microsecond duration when the band- 
widths are respectively 0.5 Mc/s, 1 Mc/s 
and 2 Mc/s. Fig. 17-19 (b) shows a simi- 
lar set of waveforms for a pulse of 4 
microsecond, or half the width of those 
in Fig. 17-19 (a) when the bandwidths 
are respectively 1 Mc/s, 2 Me/s and 
4 Mc/s. In order to obtain the same 
quality of reproduction the bandwidth 
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must be doubled, when the pulse width 
is halved. The diagrams of line 3 
indicate the minimum requirements of 
receiver bandwidth for satisfactory repro- 
duction. For a transmitter pulse dura- 
tion of 1 microsecond the minimum per- 
missible bandwidth is about 2 Mc/s. If 
the transmitter pulse is reduced to 3 
microsecond, the receiver bandwidth must 
be extended to 4 Mc/s. For satisfactory 
reproduction of pulses of less than 1 
microsecond duration the receiver band- 
width is usually in the neighbourhood of 
8 Mc/s. 


C. Receiver Block Diagram 


A block diagram of a radar receiver 
is shown in Fig. 17-20. It contains the 
same stages as a communications re- 
ceiver with the exception of the video 
amplifier in place of the audio amplifier. 
There are, however, extensive differences 
between the two receivers in the valves 
and circuits since radar receivers are 
required to amplify voltages at extremely 
high frequencies. The number of valve 
stages represented by each block of the 
diagram varies somewhat with the radar 
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Fig.17-20 Block diagram of a radar receiver. 


transmitter frequency and the _ inter- 
mediate frequency of the receiver. A set 
of examples of input frequencies, types 
of valves and numbers of stages for a 
long-wave and a microwave radar re- 
ceiver are given in the table at the bottom 
of this page. 

No attempt is made to amplify echo 
voltages at microwave frequencies. The 
echo pulses are fed directly to the mixer 
and first detector stage together with the 
local-oscillator signal. The output of this 
stage consists of pulses at the lower inter- 
mediate frequency. These are supplied 
to the intermediate-frequency amplifiers 
where most of the amplification takes 
place. A number of receiver stages used 
in long-wave and microwave radar are 
described in the following paragraphs. 
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D. R-F Amplifiers 


The difficulties encountered in pro- 
ducing any useful amplification at fre- 
quencies above 100 Mc/s are discussed 
in Chapters II and IX. Noise considera- 
tions, reactance of valve leads, and insta- 
bility due to interelectrode capacitance 
require that special valves and amplifier 
circuits be used to obtain any worth- 
while gain of signal voltage without 
generating excessive noise voltage. The 
lighthouse triode and its associated cir- 
cuit shown in Fig. 17-21 are suitable for 
amplifying voltages at frequencies up to 
500 Mc/s. The valve has a standard 
base through which connections are made 
to the heater and cathode. Connections 
to the anode are made by way of the 
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cap at the top of the valve and to the 
grid by means of a metal ring or disc 
about.the tube midway between cathode 
and anode. The disc-seal construction 
and the reduced dimensions of the elec- 
trodes keep the interelectrode capaci- 
tance to a minimum. 

The grid is connected to ground and 
the r-f signal from the aerial is applied 
to the cathode shell which is coupled to 
the cathode by a built-in capacitor. This 
causes the electron current from cathode 
to anode to vary at the frequency of the 
echo signal. The varying current through 
the valve sets up oscillations in the tuned 
anode circuit from which the output is 
taken. The variable capacitors C, and 
C, are adjusted to tune the grid and 
anode circuits to resonance at the echo 
frequency. The small values of capaci- 
tance employed in these circuits indicate 
the extremely high frequency of opera- 
tion. Bias is developed across R, in the 
grid-cathode circuit. C3, L3 and Cy, 
constitute a decoupling network, Cs is 
the coupling capacitor to the next stage 


FUNDAMENTALS OF RADIO 


Echo signal from 
r-f amplifier First detector 


Ki 


Output to 


R 
: i-f amplifier 


Local 


oscillator 


Fig.17-22 Local-oscillator and first-detector 
circuits. 


and R, is an anode voltage dropping 
resistor. Since the grid is connected to 
ground this circuit is known as a grounded- 
grid amplifier. 


_ E. Local Oscillator and 
First Detector 


An example of a local oscillator and 
first detector used in a long-wave radar 
receiver is shown in Fig. 17-22. The echo 
signal from the r-f amplifier is coupled 
via C,; to the resonant circuit L;C2 which 
is tuned to the frequency of the r-f 
carrier wave. Also coupled to this 
circuit is the output of the local oscilla- 
tor. This circuit is a conventional series- 
feed Hartley oscillator which uses an 
acorn triode valve V2. The local oscil- 
lator is shielded from the other receiver 
stages and coupling to the detector is 
provided by the link LeL3. Oscillations - 
are therefore set up in LiC, at two 
frequencies, the r-f carrier frequency 
which appears only when a transmitter 
or echo pulse is received in the aerial, 
and the continuous output from the 
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local oscillator. The waveforms of these 
two signals are shown separately and in 
combination in Fig. 17-23 (a), (b) and 
(c) with given frequency values. The 
modulated wave is impressed upon the 
series diode circuit which rectifies the 
signal. The anode of the detector is 
tapped down on L, to reduce the loading 
effect of the diode on the tuned circuit. 
The rectified current flowing through R, 
develops the output voltage at the inter- 
mediate frequency which is the differ- 
ence between the r-f and local oscillator 
frequencies. The waveforms of current 
through V, and of the output voltage are 
shown in Fig. 17-23 (d) and (e). The 
frequency of the local oscillator may be 
altered by means of the variable capaci- 
tor C,. This is normally a front panel 
control. It is adjusted to keep the local- 
oscillator frequency far enough from the 
echo frequency to produce the required 
i-f. The i-f amplifiers produce their 
greatest gain when supplied with a signal 
at the frequency to which the circuits are 
pre-tuned. This condition is indicated 
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by maximum amplitude of the echoes 
on the c.r.t. The setting of the local- 
oscillator tuning control is regularly 
checked during normal operation of the 
set to compensate for any changes in its 
frequency or in the frequency of the 
radar transmitter. This ensures that the 
receiver is kept operating at its maximum 
sensitivity. 

The local-oscillator and first-detector 
circuits used in microwave radar re- 
ceivers are considerably different from 
those employed in long-wave radar. The 
local oscillator is usually a reflex klystron 
of the McNally, Sutton or Shepherd- 
Pierce types as described in Chapter V. 
Valves of this type are constructed to 
operate as local oscillators with frequen- 
cies in the neighbourhood of 3060 Mc/s 
for 10 cm. sets and about 10,060 Mc/s 
for 3 cm. equipment. The frequency of 
the oscillator is adjusted by tuning plugs 
in the resonant cavity surrounding the 
valve electrodes. Fine control of the 
frequency for tuning the receiver is 
effected by a front panel control which 
sets the operating potential on the re- 
flector electrode. 

Valve detectors are not suitable for 
use at microwave frequencies because of 
their interelectrode capacitance and high 
noise level. For this reason crystals are 
universally used as first detectors. A 
schematic diagram of the aerial circuit, 
local oscillator, mixer unit and first de- 
tector is shown in Fig. 17-24. The mixer 
unit consists of a cylindrical cavity which 
contains a section of transmission line 
whose length is approximately one half 
of the transmitter wavelength. The 
upper end of the line is connected to the 
metal cylinder. The lower end of the 
line is by-passed to the cylinder for r-f 
current but is insulated from it for the 
intermediate frequency and d-c. The 
centre of the line therefore presents a 
high r-f impedance to ground. A crystal 
detector placed in a protective capsule is 
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Fia.17-24 Mixer unit and first detector for 
microwave radar receiver. 


mounted near the centre of the line. The 
aerial signal is coupled to the line by 
capacitive coupling between the line and 
a disc at the end of the inner conductor 
of the concentric cable from the aerial. 
The degree of coupling is adjusted to 
prevent excessive loading of the crystal- 
aerial circuit. The local-oscillator signal 
is similarly coupled by a coaxial cable 
to a lower impedance point on the crystal 
line. The line is tuned by a pre-set 
variable capacitance between the line 
and the grounded cylinder. The crystal 


Path of r-f current 


Path of t-f current 
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is therefore driven at two frequencies by 
the aerial circuit and the local oscillator. 
The crystal passes current in one direc- 
tion and presents a high impedance in the 
other. Rectification of the mixed signal 
takes place and three components of 
current flow through the crystal. These 
components are r-f current at the carrier 
and local-oscillator frequencies, i-f cur- 
rent and direct current. They flow in 
separate paths as indicated by the thick 
lines in Fig. 17-25. The r-f current from 
the crystal is by-passed to the grounded 
cylinder through the capacitance of a 
mica washer between the line and the 
cylinder. The i-f current flows through 
the tuned grid circuit of the first i-f 
amplifier. This circuit is tuned to reso- 
nance at the intermediate frequency so 
that the i-f signal voltage is developed 
across C;. The direct current flowing 
from the crystal passes through the in- 
ductors of the decoupling network, 
through the microammeter and the 
grounded cylinder, back to the other side 
of the crystal. The filter system prevents 
high-frequency currents from flowing 
through the meter. The crystal current 
is due mainly to the rectification of the 
a-c output of the local oscillator so that 
current flows through the meter even 
when no echoes are received. The meter 
is used in adjusting the output of the 
local oscillator to the level at which the 
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crystal operates most efficiently. It also 
serves as a check on the oscillation of 
the local oscillator during normal opera- 
tion. A cross-sectional view of the struc- 
ture of the mixer and detector unit is 
shown in Fig. 17-26. The local oscillator 
input does not appear as it is at right 
angles to the aerial input connector. An 
enlarged view of the crystal cartridge is 
shown in Fig. 17-27. The silicon crystal 
and cats-whisker are permanently 
mounted inside a metal cylinder for pro- 
tection from shock and moisture. 


F. Intermediate-Frequency Amplifier 


The intermediate-frequency amplifier 
in the radar receiver usually consists of 
five or six stages similar to the one shown 
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Fic.17-27 Structure of crystal cartridge for 
first detector. 
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Fia.17-28 I-f amplifier for radar receiver. 


in Fig. 17-28. For long-wave radar, the 
entire amplifier strip may be installed 
in the main transmitter-receiver unit 
remote from the aerial. In microwave 
radar sets, it is desirable to have the 
transmitter, first detector and first two 
i-f amplifiers as close to the aerial as 
possible in order to keep the losses of r-f 
energy in waveguides and coaxial lines 
toa minimum. The initial two stages of 
the i-f strip then constitute the i-f pre- 
amplifier which is located on a separate 
chassis in the aerial assembly housing. 
The weak echo signals are therefore 
amplified before being fed by coaxial 
cable from the aerial assembly to the 
receiver-indicator chassis. The remain- 
ing stages of the i-f amplifier are located 
in the main receiver chassis together 
with the second-detector and cathode- 
follower circuits. 

The i-f amplifier is a tuned amplifier 
employing a high-transconductance pen- 
tode valve. The grid circuit is broadly 
tuned to the intermediate frequency, 
usually 30 Mc/s or 60 Mc/s. L resonates 
with the input capacitance of the valve 
to develop a large signal voltage between 
grid and cathode. An overall bandwidth 
of 4 to 8 Mc/s is obtained by broad tun- 
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ing of the individual grid circuits or by 
staggered tuning of successive stages. 
This method of obtaining a wide band- 
width with three stages of amplification 
is indicated by Fig. 17-29. 
Resistance-capacitance coupling and 
small values of load resistance are used 
in the anode circuit (Fig. 17-28) to 
maintain the wide frequency response. 
Transformer coupling may be used be- 
tween stages instead of R-C coupling. 
R, and Cs; constitute a decoupling net- 
work to prevent oscillation of the circuits 
due to feedback through the H.T. supply. 
Bias is provided by Rs and C2 in the 
cathode circuit. The gain of the ampli- 
fier is controlled by varying the potential 
on the screen grid by means of R,. This 
resistor is part of a voltage divider R,,Re 
across the H.T. supply. Alternatively, 
the gain may be controlled by varying 


I-f signal Current pulses Ge 


IM 
H- yea ee 
a 
C; ZN Ry VN 
L iP Cy 
Ss * | Ry 


FUNDAMENTALS OF RADIO 


the negative bias voltage to the control 
grid as variable-mu pentodes are generally 
used. In either case, the gain cortrol is 
usually made to operate on the first two 
valves of the main i-f strip. This pre- 
vents overloading of the final stages and 
provides sufficient range of control over 
the height of grass and eehoes on the c.r.t. 


G. Second-Detector and Video Circuits 


The amplified echo signal at the inter- 
mediate frequency is applied across the 
tuned inductor L to the anode of the 
second detector V; (Fig. 17-30). The valve 
conducts only on positive half cycles and 
passes three components of current. The 
intermediate frequency component is by- 
passed through C2, to ground. The d-c 
and video components of current flow 
through R, producing a positive rectangu- 
lar pulse of voltage each time an echo is 
received. This pulse is the modulation 
envelope of the echo signals. The wave- 
forms of input voltage, current through 
the valve and output voltage are shown 
in Fig. 17-31. 

The output voltage from the second 
detector is applied via the series resistor 
Rz to the grid of the video amplifier V2. 
The video amplifier is a resistance- 
capacitance-coupled circuit employing a 
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Fic.17-31 Voltage and current waveforms for 
circuit of Fig. 17-30. 


high-transconductance pentode valve and 
a small anode load resistance. In addi- 
tion, series and shunt compensation net- 
works are sometimes included in the grid 
circuit in order to improve the video- 
frequency response. Bias is developed 
in the cathode circuit by C;Rs. The anode 
circuit is decoupled from the H.T. supply 
by R:Cy. The positive input pulse 
causes a negative-going pulse to be pro- 
duced at the anode of V2, This pulse is 
applied to the grid of V3, 

The second video stage is a cathode- 
follower circuit for matching the high- 
impedance output of V2 to the low 
impedance of the coaxial line. This line 
carries the signal from the receiver to the 
indicator chassis. The valve is normally 
a triode or a pentode connected as a 
triode. In the absence of a signal, the 
direct current flowing through the valve 
maintains the cathode considerably posi- 
tive to ground. When a negative pulse 
is applied to the grid, the current through 
the valve decreases and the p.d. across 
Ry decreases. Consequently a negative 
pulse is also produced at the cathode. 
The amplitude of the output voltage is 
always slightly less than the amplitude 
of the input applied to the grid. Although 
the gain of the stage is less than one, the 
low output impedance provides a means 
of feeding the signal through the low- 
impedance line with a minimum of loss. 
The negative-going pulses may be applied 
to the lower Y-plate of the c.r.t. in the 
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indicator chassis to cause upward deflec- 
tion of the trace. More generally, they 
are inverted by another video amplifier 
in the indicator chassis and applied as 
positive-going pulses to the upper Y- 
plate. 


H. Receiver Blocking and 
Recovery Time 


Care must be taken in operating the 
radar set to ensure that the receiver is 
not overloaded by excessively large sig- 
nals applied via the aerial circuit. This 
most often occurs when the strong trans- 
mitter pulse is picked up directly by the 
receiving aerial or by reflection from 
nearby objects. A special protective 
device called a transmit-receive (T-R) 
switch is usually included between the 
receiving aerial and the receiver to pro- 
tect the crystal first detector. Addi- 
tional precaution is sometimes required 
in the video stages to prevent overload- 
ing. It may occur when a large signal 
drives the grid of the R-C coupled 
amplifier excessively positive. Grid cur- 
rent flows to charge the coupling capaci- 
tor. When the input pulse is removed, a 
negative voltage is applied to the grid 
until the coupling capacitor discharges 
through the grid-leak resistor. During 
this period the receiver may be biased 
off and become insensitive to echo pulses 
which follow. This effect is illustrated 
by the circuit of Fig. 17-32 and wave- 
forms of Fig. 17-33. The circuit is a 
video amplifier at the end of the receiver 
chain. It is normally biased near cut-off 
by the positive potential on the cathode 
from the voltage divider R4,Rs and Re 
across the H.T. supply. The echo pulse 
causes a rise in grid potential which 
causes the valve to conduct and de- 
velops a negative pulse at the anode. 

The type of signal under discussion 
is an excessively large pulse such as might 
come from the transmitter directly, fol- 
lowed by a pulse of normal amplitude. 
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The large pulse not only causes anode 
current to flow through the valve, but 
also drives the grid positive to the 
eathode. As a result, grid current flows 
to charge C; by the amount that the 
signal voltage exceeds the cathode poten- 
tial. At the end of the pulse, the grid 
voltage falls suddenly, but C; cannot dis- 
charge instantaneously. The grid poten- 
tial drops below cut-off causing the 
anode potential to rise to H.T. The grid 
voltage rises exponentially toward cut- 
off as C, discharges through R,;. The 
duration of this period is known as the 
recovery time of the circuit and is de- 
termined by the time constant of RC). 
It is the time taken for the set to recover 
from the paralyzing effect of the large 
signal. During this period, the normal 
signal applied to the grid may be insuffi- 
cient in amplitude to raise the grid 
potential to cut-off. The anode potential 
therefore remains constant and the 
normal signal is lost. The effect is illus- 
trated by the waveforms of Fig. 17-33. 


This may limit the minimum effective 


range of the radar set as the receiver is 
silenced for a period following each trans- 
mitter pulse. Blocking may also occur 
as a result of a rise in cathode potential 
caused by a very large signal. In either 
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case, the effect may be minimized by 
making the time constants of the grid 
and cathode circuits small. This cuts 
down the recovery time of the circuit and 
therefore reduces the possibility of echoes 
being lost in the receiver anc not appear- 
ing on the c.r.t. trace. 

More elaborate means of preventing 
blocking may be necessary in short- 
range surface and aircraft warning radar. 
The recovery time of the grid circuit may 
be reduced by connecting a diode in 
parallel with R,; as in Fig. 17-34. The 
anode is grounded and the cathode con- 
nected to the upper end of R;. The 
diode presents a high impedance across 
R, during the pulse. At the end of the 
pulse, the valve conducts with low im- 
pedance to discharge C, quickly to its 


_ Fia.17-34 Diode used to reduce recovery time 
in a video amplifier circuit. 
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Fia.17-35 Block diagram of receiver gating circuit. 


normal voltage. Alternatively the signal 
voltage applied to the video amplifier 
may be limited to a value which will 
prevent blocking. This may be done 
by the preceding video amplifier which 
amplifies negative-going echo pulses. The 
bias on the valve is adjusted so that an 
excessively large signal drives the grid 
quickly beyond cut-off. The rise in 
anode potential is limited to a value 
which is not sufficient to drive the grid 
of the next valve positive to its cathode. 
In this way the flow of grid current is 
avoided and consequently blocking does 
not take place. 


I. Receiver Gating 


A more effective method of ensuring 
that the receiver is not paralyzed by the 
transmitter pulse is by gating the re- 
ceiver off while the transmitter is turned 
on. Mechanical means of suppressing 
the receiver for the brief interval re- 
quired are impractical. Consequently a 
gating circuit is used to bias off the 
receiver for a few microseconds beginning 
slightly ahead of, and ending just after 
the transmitter pulse. The exact circuits 
used to produce the gate voltage may 
vary considerably in detail, but the basic 
stages are suggested by the block diagram 
of Fig. 17-35 and the waveforms of Fig. 
17-36. The delay circuits are usually 


multivibrators of the biased-off type. At 
time ¢) the timing unit sends a synchro- 
nizing pulse to the transmitter delay 
circuit and to the receiver gate delay 
circuit. At a predetermined time later, 
t:, the transmitter delay cycle ends and 
this circuit turns on the transmitter. The 
receiver gate delay is adjusted to run 
until time t:, the end of the transmitter 
pulse. The negative square wave of 
voltage produced by the gate delay is 
applied to the suppressor grid of one of 
the early r-f amplifier stages. It biases 
off this valve and renders the receiver 
inoperative for a period which includes 
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Fiq.17-37 Wave clutter on type A presentation with (a) normal gain (b) gain turned down 
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the transmitter pulse. At the end of this 
time, the suppressor voltage is returned 
to normal and the receiver is free to 
receive echoes with no possibility of 
blocking by the transmitter pulse. 


J. Wave Clutter 


The signals received from nearby 
objects are very much stronger than 
those received from more distant objects. 
Moreover, in the case of shipborne radar, 
objects near the radar set, such as the 
ship’s superstructure, ocean waves, rain- 
storms, etc., reflect a great deal of energy 
to the receiver. As a result, a large 
amount of deflection on the trace is 
usually seen at the beginning of the 
sweep. It is referred to as wave clutter 
and causes the c.r.t. pattern to appear as 
in Fig. 17-37 (a). If the gain of the 
receiver 1s turned down to make targets 
at close range distinguishable from the 
wave clutter as shown in Fig. 17-37 (b), 
the echoes near the right hand end of the 
trace do not appear. If the gain is 


turned up as shown in Fig. 17-37 (c) to 
make distant objects appear on the trace, 
the wave clutter at the left-hand side of 
the c.r.t. not only obscures echoes at 
close range, but may paralyze the re- 
ceiver by over-loading. An ideal situa- 
tion would be to turn the receiver gain 
down at the beginning of each sweep 
and to turn it up progressively as the 
sweep advances. The resulting pattern is 
shown in Fig. 17-37 (d). A circuit which 
performs this operation is called an anti- 
wave-clutter unit. It produces a varying 
voltage which alters the receiver gain 
from a minimum to a maximum as the 
sweep takes place. For this reason it is 
also called a swept-gain circuit. 

A block diagram of a radar receiver 
employing an anti-wave-clutter unit is 
shown in Fig. 17-38. The unit receives 
two input voltages, the i-f signal from the 
pre-amplifier located in the aerial 
assembly and a negative pulse from the 
timer or modulator at the same time as 
the transmitter is pulsed. The anti-wave- 
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Fia.17-38 Block diagram of a radar receiver 
with anti-wave-clutter unit. 


clutter unit develops a negative voltage 
waveform which reaches a maximum at 
the beginning of the trace and decreases 
exponentially toward zero as the sweep 
progresses. Two controls on the front 
panel of the unit make it possible to 
adjust both the duration of the waveform 
and the rate at which it approaches zero. 
This voltage is combined with the i-f 
signal voltage as indicated in the block 
diagram. The combined signal is applied 
to the grid of the first main i-f amplifier, 
a variable-mu valve. The valve is effec- 
tively biased down to a low-transcon- 
ductance region of operation at the be- 
ginning of the sweep to reduce the gain 
of the stage. As the sweep progresses, 
the operating point of the valve shifts 
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to a region of higher transconductance 
and the gain increases. 

An anti-wave-clutter or swept-gain 
circuit is shown in Fig. 17-39. Before 
the sweep begins, there is no charge on 
C;, no p.d. across any of the resistors 
and no current through the two diode 
valves. The input to the circuit is a 
negative square trigger pulse of voltage 
from the timer or modulator at the time 
the transmitter is pulsed. This voltage 
is applied across R, and the series circuit 
consisting of V;, Rand C,. The cathode 
of V, is made negative with respect to 
its anode, causing the valve to conduct. 
C; commences to charge through Rez at 
a rate determined by the time constant 
of R,C,. The p.d. to which C; charges 
during the brief period of the trigger 
pulse is determined by the value of Re» 
which is adjustable. This adjustment 
therefore controls the maximum ampli- 
tude of the negative swept-gain voltage. 
Its effect is illustrated by the waveforms 
of Fig. 17-40. If R. is made large, C; 
charges more slowly and the maximum 
voltage attained by C, during the charg- 
ing period is less. 

When the trigger pulse is removed, C; 
is prevented from discharging through V, 
as the diode will not conduct in that 
direction. The p.d. across C; is the input 
voltage to R3 which is normally a much 
larger resistance than R:. In parallel 
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Fic.17-39 Anti-wave-clutter or swept-gain circuit. 
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with R; is the series circuit consisting 
of V.and Ry. The input voltage makes 
the cathode of V2 negative with respect 
to its anode. This valve therefore con- 
ducts and develops a p.d. across Ra, 
negative at the upper end of Ry. As Ci 
discharges through R; and V2, the nega- 
tive voltage across R4 decreases. The 
rate at which C;, discharges is controlled 
by the parallel resistor R3. If this resistor 
is made small, C, discharges more 
rapidly through the two parallel paths 
and the second portion of the swept-gain 
voltage approaches zero more rapidly. 
The effect of varying R; with R». con- 
stant is indicated by the waveforms of 
Fig. 17-41. In practice, Rz and R3 are 
adjusted so that the echo signals are less 
than saturation level but greater than 
the grass level. The transmitter pulse 
does not show on the e.r.t. as the re- 
ceiver is gated off during the time the 
transmitter is turned on. 

Swept gain may be used with PPI 
presentations as well as with type A 
scans. The setting of the two controls 
to give best results with a PPI is usually 
different from that required by the A 
scan. If both presentations are in use 
at one time, separate swept-gain circuits 
for the two tubes are desirable. The 
painting of the PPI is more intense 
nearer the centre, even with equal echoes. 
By proper adjustment of the controls a 
reasonably uniform painting of targets 
at all ranges may be obtained. 
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K. Logarithmic Receivers 

The anti-wave-clutter circuit described 
in the preceding section provides a vary- 
ing voltage which varies the gain of the 
receiver as the sweep progresses. The 
receiver gain is made a minimum for 
echoes from near targets and vice versa. 
Its purpose is to prevent strong signals 
from near objects from saturating the 
receiver and to permit weak signals from 
distant objects to produce normal indi- 
cation on the c.r.t. scan. An alternative 
method of achieving this result is to 
make the receiver most sensitive to weak 
signals and least sensitive to strong 
signals. This method avoids discrimina- 
tion against small echoes at short range 
which do not appear on the scan when 
swept gain is used. It can be shown 
mathematically that the best results are 
obtained by using a receiver with a 
logarithmic response. That is, the out- 
put voltage of the receiver is propor- 
tional to the logarithm of the input 
voltage. This effect is achieved by the 
use of non-linear amplifiers in the re- 
ceiver strip. The gain of the individual 
amplifiers is normal for small signals, 
but is reduced for large signals by reduc- 
ing the effective impedance of the load 
circuit. A logarithmic amplifier for use ~ 
in the intermediate-frequency section ot 
a radar receiver is shown in Fig. 17-42. 
The i-f signal is applied via the tuned 
input inductance Ly, to the grid of the 
pentode amplifier. The amplified output 
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voltage is developed across the load 
resistor Ri, which has a value of approxi- 
mately 3300 ohms. In parallel with this 
load resistor for a-c voltages, is the 
coupling capacitor C; and tuned induc- 
tance I». Le is tuned to resonance at the 
intermediate frequency and so presents a 
high impedance in parallel with R;. A 
third parallel branch which forms part 
of the load circuit is provided by two 
diode valves V2 and V3. The i-f output 
of V, is applied to the cathode of V2 
and to the anode of V3. These two elec- 
trodes are biased 0.2 volts negative with 
respect to ground. The cathode of V3 
is grounded while the anode of V2 is 
biased to —0.4 volts with respect to 
ground. 


Output of 
V, 


—0.2V 


—0.4V 


(a) 


Output of 


Weary 


The output voltage from V, varies 
about the bias voltage. If the amplitude 
of this voltage is less than the bias volt- 
age, as shown in Fig. 17-48 (a), neither 
valve conducts. On the positive half 
cycle, the cathode of Vz becomes more 
positive to its anode. At the same time 
the anode of V3; becomes less negative to 
its cathode but does not become positive 
to its cathode, even at the peak of the 
cycle. During the negative half of the 
input cycle, the cathode potential of V2 
approaches the negative potential of the 
anode but does not cause the valve to 
conduct. Under these conditions V2 and 
V; present an impedance of about 30,000 
ohms in parallel with the load resistor R, 
and the loading effect on R, is negligible. 
The amplification of the stage is then a 
maximum. 

If the signal voltage exceeds the bias 
voltage, as shown in Fig. 17-43 (b), each 
valve conducts during different parts of 
the cycle. When this occurs, the im- 
pedance of the diodes falls to about 330 
ohms in parallel with R,; and Ly. The 
amplification of the stage therefore falls 
to a low value for large signals. Five or 
six stages of logarithmic amplifiers 
operating at the intermediate frequency 
are normally used in the receiver. Such 
a receiver reduces the wave clutter in 
both type A and PPI presentations 
without appreciably cutting down the 
size of echoes from distant targets. A 
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Fi1q.17-43 Operation of logarithmic amplifier (a) Output from V; less than diode bias voltage 
(b) Output from V; greater than diode bias voltage. 
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Fiac.17-44 Effect of logarithmic receiver on 
presentation (a) Type A scan with linear receiver 
(b) Type A scan with logarithmic receiver (c) 
PPI scan with linear receiver (d) PPI scan with 
logarithmic receiver. 


comparison of the appearance of an A 
scan with a linear and with a logarithmic 
receiver is shown in Fig. 17-44 (a) and 
(b). The improvement in a PPI presen- 
tation is shown by the comparison dia- 
grams of Fig. 17-44 (c) and (d). 


L. Automatic Gain Control 


A radar set is sometimes required to 
follow a target which has been detected 
by the equipment. This is referred to as 
tracking. It usually requires that the 
amplitude of the echo to be followed 
remain constant in amplitude. This is 
difficult to achieve with a constant-gain 
receiver as fading ordinarily causes fluc- 
tuations in the echo received from a fixed 


Input echo signal 


K 


IL 


Target 
selector 


I nverter- 
amplifier 


Input from gate circutt 


FUNDAMENTALS OF RADIO 


Echo to be tracked 


Other echoes 
Range notch 


Fia.17-46 Range notch to indicate target 
selected by a.g.c. circuit. 


target. Automatic gain control (a.g.c.) is 
used to vary the receiver gain in such a 
manner as to maintain a constant re- 
ceiver output for a specified target. 

A block diagram of an a.g.c. circuit is 
shown in Fig. 17-45. It operates from the 
received echo and develops a d-c voltage 
which increases as the echo signal de- 
creases. This voltage is used as the H.T. 
supply to one or more amplifying stages 
in the receiver. It increases the gain of 
the stage to compensate for the decrease 
in signal voltage. The first valve stage 
is a target selector which receives a gate 
voltage from a delay circuit controlled 
by the operator of the set. The operator 
places a range gate or notch under the 
echo pulse of the target to be tracked 
(Fig. 17-46). This range notch and the 
target selector gate are developed by the 
same circuit and therefore occur simul- 
taneously. The target selector gate 
effectively turns on the first stage so that 
it amplifies in a normal manner during 
the interval covered by the range notch 
in the indicator. During the remainder 
of the sweep the target selector circuit is 
biased off. 
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Fig.17-45 Block diagram of a.g.c. circuit. 
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The echo signal voltage from the re- 
ceiver is also applied to the target selec- 
tor stage. This valve therefore amplifies 
only the signal included in the range 
notch and rejects other signals. The 
second stage inverts and amplifies this 
signal and the third stage rectifies it. 
The output of the rectifier is a d-c volt- 
age which is proportional to the ampli- 
tude of the echo signal included in the 
range notch. This voltage is inverted 
and amplified by a direct-coupled ampli- 
fier and is used as the H.T. supply to the 
later stages of the receiver. If the ampli- 
tude of the received echo increases, the 
H.T. supply to the receiver decreases 
and the final output echo pulse remains 
constant in amplitude. 

A complete circuit diagram of the 
a.g.c. circuit is shown in Fig. 17-47. 
Waveforms of voltages at various points 
are shown in Fig. 17-48. V, is a penta- 
grid amplifier which is normally cut off 
by a negative voltage on the first grid. 
The gate voltage applied to this grid 
raises the grid potential above cut-off to 
permit amplification during the period 
covered by the range notch on the c.r.t. 
The echo signals are applied to the third 
grid of V,. Only that signal which occurs 
during the range notch appears in the 
output of the valve. The output is a 


negative pulse at the anode which is 
amplified and inverted by V2. The posi- 
tive pulses from the anode of V2 are 
applied to the diode rectifier V3. This 
valve develops a p.d. across its load 
resistor R,; which is proportional to the 
amplitude of the echo pulse to be tracked. 
The capacitor Cs connected in parallel 
with the load resistor of V3 maintains 
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Fic.17-48 Voltage waveforms developed by 
a.g.c. circuit. 
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fairly steady voltage across the resistor. 
This voltage is further filtered by a low- 
pass filter consisting of a series resistor 
R,) and by-pass capacitor C; and applied 
to the grid of V«. This valve together 
with V; and V¢ constitute a three-stage 
direct-coupled amplifier. The anode 
potential of the final power-amplifier 
stage is used as the H.T. supply voltage 
for several receiver valves. Therefore, 
the amplification of the receiver increases 
as the anode potential of Ves rises and 
vice versa. 

Since the anode potential of Vs must 
be very positive and since Vu, V; and 
V, are all directly coupled a special H.T. 
arrangement is necessary for V4 and V5. 
The voltage divider used for this purpose 
consists of Ris, Reo, Re: and Rez across a 
—190V supply. The V; anode is at a 
small negative potential. Hence, the 
grid of Vs is at a negative potential. 
The V; cathode is connected to a more 
negative potential point on the voltage 
divider. Since the V; grid and hence the 
anode of V4 must be slightly negative 
to V; cathode therefore the cathode of 
V, must be connected to a more negative 
point on the voltage divider than the 
V,anode. The grid of V4 is connected 
to —190V so that it is more negative 
than its cathode. This necessitates both 
the cathode and anode of V3 being con- 
nected to —190V. The setting of Reo 
controls the H.T. and bias of V4 and 
hence the average value of the d-c out- 
put of Ve. 

The operation of the circuit is summed 
up as follows. If the amplitude of the 
echo signal increases, the positive poten- 
tial at the cathode of V; increases, the 
d-c potential at the anode of V, de- 
creases, the potential at the anode of V; 
increases and the potential at the anode 
of Vs decreases. Consequently the ampli- 
fication of the receiver decreases to com- 
pensate for the increased echo signal. 
The time required for the circuit to 


FUNDAMENTALS OF RADIO 


respond to changes in amplitude of echo 
pulses is determined by the time con- 
stants of the filter circuits which follow 
the diode detector. These time constants 
are so chosen that successive echo pulses 
can be received with little change in the 
d-c output from Vs. If, however, there 
is a change in the average amplitude of 
the received pulses, the d-c output of Ve 
changes to correct the gain of the receiver. 


M. Automatic Frequency Control 


In describing the operation of the radar 
circuits in the present chapter, it has 
been assumed that the frequencies of the 
transmitter and local oscillator remain 
constant throughout the operation of the 
set. This assumption is not justified 
when dealing with microwave radiations. 
Both the transmitter and the receiver 
are subject to changes in operating fre- 
quency due to variations in temperature, 
reflected impedances and other operating 
conditions. Any change in frequency of 
the r-f carrier or of the local-oscillator 
output results in a corresponding shift 
in the intermediate frequency. If this 
shift is great enough to bring the i-f 
outside the band-pass limits of the re- 
ceiver, the signal is not amplified and 
the target is lost. The receiver band- 
width may be increased to compensate 
for frequency drift but this results in an 
increase in noise level. A better method 
is to employ automatic frequency control 
of the local oscillator. The a.f.c. circuit 
operates from the i-f signal. If this signal 
varies from the correct frequency, the 
a.f.c. circuit brings it back to the correct 
frequency by re-tuning the local oscillator. 

An a.f.c. circuit is shown in Fig. 17-49. 
V, is a pentode amplifier which receives 
the i-f signals from the output of the — 
i-f amplifier in the receiver. The anode 
load circuit of this amplifier is the trans- 
former T,. The secondary winding of 71 
is tuned to the intermediate frequency. 
V2, T; and their associated components 
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Fic.17-49 Frequency discriminator for use in 
a.f.c. circuit. 


make up a frequency discriminator cir- 
cuit of the type used in f-m receivers. 
The operation of the discriminator is as 
follows. 

The output of V;is inductively coupled 
by 7, to the anodes of V2. The tuning 
of the primary and the coupling between 
windings are adjusted to produce a volt- 
age in the secondary which is 90° out of 
phase with the primary voltage. In 
addition, the output of V, is coupled 
through C, to the centre tap of the 
secondary winding. The voltage be- 
tween the point A and ground equals the 
primary voltage coupled through C; plus 
the voltage induced in the top half of the 
secondary winding by 7';. Similarly, the 
voltage between point B and ground 


(0) 


Wiese 


equals the primary voltage coupled 
through C, plus the voltage induced in 
the lower half of the secondary winding 
by T,. The induced voltages at A and B 
are 180° out of phase with each other 
and the voltage coupled through C, is 
intermediate in phase between these two, 
as shown by the vectors of Fig. 17-50 (a). 

The vector Egg represents the voltage 
between C and ground, which is the 
output voltage of V;. The vector Eo, 
represents the voltage induced in the 
upper half of 7; secondary. The vector 
sum of these voltages is represented by 
Eoa. This is the voltage which is applied 
to the anode of the upper diode of V2. 
Similarly, the voltage which is applied 
to the lower diode is the vector sum of the 
voltage between C and ground and the 
voltage induced in CB. The resultant 
voltage is represented by the vector Hop. 

When the i-f signal is at the correct 
frequency, Ec, leads Eoc by 90°, and 
Ecs lags Eoc by 90°. As a result, the 
magnitudes of Ho, and Hog are equal. 
That is, the anode of the upper diode of 
V. is driven the same amount positive 
during one half cycle as the lower anode 
is made positive during the other half 
cycle. The fact that the anode voltages 
are out of phase with each other does not 
affect the amount of current which each 
valve conducts. 

When the upper anode is made posi- 
tive, electrons flow from cathode to 
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Fi1c.17-50 Vector diagrams of input voltage to V2 when (a) i-f signal is at the correct frequency 


(b) i-f signal is below the correct frequency (c) i-f signal is above the correct frequency. 
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anode, down through R, and up through 
R;. This develops a p.d. across Rs mak- 
ing the top end positive to the bottom 
end. When the lower anode is made 
positive, electrons flow from cathode to 
anode, up through R, and down through 
R,. The p.d. across R, makes the lower 
end positive to the upper end. Capaci- 
tors C, and C3 maintain the p.d.’s across 
R; and R, steady during the period be- 
tween i-f signal pulses. Since the p.d.’s 
across R3 and Ry are equal and of opposite 
polarity, the d-c voltage across the out- 
put terminals of the discriminator is zero. 

When the i-f signal is below the correct 
frequency, the voltage across the upper 
half of the 7’; secondary leads the primary 
voltage by less than 90°. The voltage 
across the lower half of the secondary 
winding lags the primary voltage by 
more than 90°. The vectors representing 
these voltages take the positions shown 
in Fig. 17-50 (b). The magnitude. of 
Eoa is now greater than the magnitude 
of Hog. Consequently, the upper anode 
of V2 is driven more positive than the 
lower anode, and therefore the upper 
diode conducts more current. The p.d. 
developed across FR; is therefore greater 
than that across RR, The d-c output 
voltage is therefore positive at the upper 
terminal. This d-c voltage is amplified 
by a d-c amplifier and fed back to the 
local-oscillator circuit. In the case of a 
reflex klystron, the voltage is usually 
applied to the repeller grid to change the 
frequency of the klystron in such a way 
as to bring the i-f back to the correct 
frequency. 

When the i-f signal is above the correct 
frequency, the phase relations of the 
voltages in the secondary of 7), are such 
as to make Eos greater than Eo, as 
shown in Fig. 17-50 (c). Therefore, the 
lower diode conducts more current than 
the upper diode. The p.d. across Ry is 
greater than that across R; and a nega- 
tive output is developed by the dis- 
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criminator. This voltage, amplified by 
the d-c amplifier again causes the kly- 
stron to change frequency in such a 
manner as to correct the 1-f. 

The a.f.c. circuit not only corrects 
frequency drift of the local oscillator, 
but also maintains the correct i-f when 
the transmitter frequency shifts. This 
makes it possible for the receiver to 
amplify echo pulses that would other- 
wise be lost. 

17.5 T-R and anti-T-R devices. The 
purpose of the aerial system of a radar 
set is to conduct r-f energy from the 
transmitter to the radiating elements, 
radiate it in a directional beam, receive 
the returning echo and conduct it back 
to the receiver. If the aerial system is 
to be an efficient one, a minimum of 
losses must occur in the transmission 
lines or waveguides which make up the 
system, and in the transmitting and 
receiving aerials. 

When a radar receiver and transmitter 
are operated close to each other, it is 
usually difficult to prevent the strong 
transmitter pulse from overloading the 
receiver. In microwave radar sets, the 
first stage in the receiver chain is a 
mixer unit which contains a crystal first 
detecter. The crystal must be protected 
from overload caused by the strong trans- 
mitter pulse. Even in equipment in 
which a crystal is not employed, the 
receiver must be protected from strong 
transmitter pulses which would cause 
blocking in the R-C coupling circuits. 
If blocking is allowed to occur, the re- 
ceiver becomes paralyzed and echo pulses 
are lost until the p.d. across the coupling 
capacitor is restored to its normal work- 
ing value. 

The receiver may be protected to some 
extent by using separate transmitting 
and receiving aerials mounted one above 
the other to prevent directing transmitter 
pulses into the receiving aerial. There 
still remains the danger of overload due 
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Fia.17-51 Function of T-R switch (a) while 
transmitter is pulsing (b) while transmitter is 
not pulsing. 
to reflection of the transmitter pulse from 
nearby objects. In addition, the receiver 
may be turned off for the duration of the 
transmitter pulse by a gate pulse applied 
to the receiver chain. This, however, does 
not protect the receiver of one radar set 
from strong pulses from another radar 
transmitter nearby operating indepen- 
dently on the same frequency. 

A better method of protecting the re- 
ceiver is by the use of a transmit-receie 
(T-R) switch. This device is usually 
employed in microwave radar equipments 
in which a single aerial is used for trans- 
mitting and receiving. The 7-R switch 
operates as a double-pole double-throw 
switch (Fig. 17-51) which effectively 
connects the aerial to the transmitter 
during the transmitting pulse and con- 
nects the aerial to the receiver at other 
times. 

A mechanical switch is impractical for 


ese 


such an application because the duration 
of the transmitter pulse is seldom greater 
than two microseconds and the switch- 
ing action must be repeated several 
hundred times per second. Consequently 
an electronic switch is used. 

Not only must the transmitter be pre- 
vented from pulsing into the receiver 
chain, but the returning echo pulse must 
be prevented from being absorbed by the 
transmitter if the aerial system is to be 
efficient. In other words, the impedance 
of the aerial must be matched to that of 
the transmitter during the radiation 
period, and matched to the receiver dur- 
ing the remainder of the operating cycle. 
The transmitter must be mismatched to 
the aerial during the reception period. 


A. Spark-Gap T-R Switch 


A method of accomplishing this switch- 
ing in an open two-wire transmission 
line is illustrated in Fig. 17-52. The junc- 
tion of the aerial, transmitter and re- 
ceiver lines is called the T-junction. In 
order to simplify the problem, it is 
assumed that the characteristic imped- 
ance of the transmission line, the im- 
pedance of the transmitter when trans- 
mitting, the impedance of the aerial and 
the impedance of the receiver are all 
equal. If this is not so, the impedances 
may be matched by suitable transformers. 
It is also assumed that the impedance 
of the transmitter rises appreciably when 
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Fia.17-52 Spark-gap T-R switch. 


17:38 


Transmitter Aerial 


oN 

4 

1 ree suit 
T-R switch 

Anti-T-R switch 


Receiver 


Shorting bar 


Fig.17-53 Anti-T-R switch in conjunction with 
T-R switch. 


the transmitter is not pulsing. The T-R 
switch has a spark gap which is placed 
between the two conductors of the re- 
ceiver line one-quarter wavelength dis- 
tant from the T-junction. The gap is 
adjusted so that it arcs across when a 
high voltage is presented to it. For low 
voltages the spark gap does not arc. 

When the transmitter pulses, the high 
voltage developed between the conduc- 
tors of the transmission line causes the 
gap to are and present a low impedance 
at that point. This impedance is con- 
siderably lower than that of the line. 
At the T-junction, therefore, a quarter 
wavelength distant from the spark gap, 
a high impedance is presented to the 
transmitter pulse in the direction of the 
receiver. The low impedance of the 
transmitter is matched to the low im- 
pedance of the aerial. The r-f energy 
from the transmitter therefore flows to 
the aerial and is largely prevented from 
entering the receiver. 

When an echo pulse enters the aerial, 
it produces a voltage across the conduc- 
tors of the transmission line which is not 
sufficient to break down the resistance 
of the spark gap. At this time the spark 
gap has no effect on the receiver branch. 
The low impedance of the aerial is 
matched to the low impedance of the 
receiver for maximum transfer of energy. 
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At the same time, the impedance of the 


' transmitter is large. This high impedance 


is presented at the T-junction by placing 
the transmitter one half wavelength (or 
a multiple of half wavelengths) from the 
T-junction. In this way the transmitter 
is prevented from absorbing energy from 
the echo pulses. If the impedance of the 
transmitter falls at the end of the pulse, a 
quarter-wave line is required between 
the T-junction and the transmitter in 
order to present a high impedance at the 
T-junction. 


B. Anti-T-R Switch 


The impedance of the transmitter does 
not always change sufficiently at the end 
of the pulse to permit the use of resonant 
transmission lines to block received pulses 
from the transmitter. In this case, a 
second spark gap called the anti-T-R 
spark gap is required (Fig. 17-53). The 
anti-T-R spark gap is also connected in a 
section of transmission line which forms a 
T-junction with the line from the trans- 
mitter to the aerial. This T-junction is 
placed one quarter wavelength nearer 
the transmitter than the T-junction to 
the receiver. The anti-T-R gap is placed 
one quarter wavelength from its T- 
junction. The line containing the anti- 
T-R gap is one half wavelength long and 
is terminated at the far end by a short 
circuit between the two conductors. The 
operation of the anti-T-R switch is as 
follows. 

When the transmitter pulses, the anti- 
T-R gap arcs and becomes a low im- 
pedance. This is transformed to a high 
impedance and the anti-T-R switch 
absorbs very little of the transmitter 
pulse, just enough to maintain the arc. 
When the echo pulse is received, the 
anti-T-R gap does not are and therefore 
acts as an open circuit. The shorted end 
of the line presents a short circuit one 
half wavelength distant, at the T-junction. 
Therefore, one quarter wavelength along 
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Fic.17-54 Resonant transformer to increase 
efficiency of anti-T-R switch. 


the main transmission line, a high im- 
pedance is presented in the direction of 
the transmitter. The impedance of the 
transmitter is of no consequence in this 
case as it is in parallel with the short 
circuit presented at the T-junction by 
the shorted half-wave line. 


C. Methods of Improving the Efficiency 
of Spark-Gap Switches 


As pointed out above, the spark gap 
requires some energy from the trans- 
mitter to maintain the are during trans- 
mission. This reduces the amount of 
energy passed from the transmitter to 
the aerial and lowers the efficiency of the 
system. In order to reduce the energy 
lost and to present a higher impedance 
at the T-junction it is necessary to make 
the T-R gap present a lower impedance 
when conducting. This may be accom- 
plished by using a step-up transformer 
between the point of the T-R line to be 
shorted and the actual T-R switch. This 
arrangement is shown in Fig. 17-54. A 
transformation ratio of about 1:10 is used 
to increase the efficiency without causing 
the switch to are during the reception of 
echo pulses. By using the transformer, 
a smaller voltage is required in the trans- 
mission line to start and maintain the 
arc in the spark gap. In addition, the 
impedance reflected into the transmis- 
sion line is reduced to one-tenth of the 
impedance of the gap while conducting. 
This in turn reflects an impedance at the 
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T-junction equal to 10 times the imped- 
ance presented without the transformer. 

While the transformer of Fig. 17-54 
is shown as a coil-type r-f unit, a resonant 
line is actually used because of its greater 
efficiency at radar frequencies. A typical 
quarter-wave resonant-line transformer 
to increase the efficiency of the anti-T-R 
switch is shown in Fig. 17-55. While the 
open-wire line shown in the diagram is 
suitable for use in the 500 Mc/s range, 
an appreciation of its operation is funda- 
mental to the understanding of wave- 
guide transformers for switches at micro- 
wave frequencies. 

The transformer consists of a quarter- 
wave section of transmission line con- 
nected to the anti-T-R branch one quarter 
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Fic.17-55 Quarter-wave resonant-line trans- 
former for anti-T-R switch (a) Transformer and 
spark gap (b) Equivalent circuit of transformer 
when gap does not are (c) Equivalent circuit of 
transformer when gap arcs. 
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wavelength from the T-junction. A 
short circuit is placed across the end of 
the shorter section and the anti-T-R 
spark gap across the end of the longer 
section of the transformer. The equiva- 
lent circuit of the transformer when the 
spark gap is not conducting is shown in 
Fig. 17-55 (b). The shorted end of the 
transformer is less than a quarter wave- 
length long and presents an inductive 
reactance. The open end of the trans- 
former is also less than a quarter wave- 
length and therefore presents a capaci- 
tive reactance. These reactances are 
equal so that the transformer acts like a 
parallel-resonant circuit of high imped- 
ance at the operating frequency. A low 
impedance is therefore reflected at the 
anti-T-R junction and a high impedance 
at the T-R junction. Hence the echo 
pulse is prevented from following the 
transmission line leading to the trans- 
mitter. 

The equivalent circuit of the trans- 
former during transmission is shown in 
Fig. 17-55 (c). The gap is made to arc 
and acts as a low impedance. Therefore 
the gap end of the transformer is a 
shorted section less than a quarter wave- 
length long and presents an inductive 
reactance. This reactance is in parallel 
with the small reactance of the shorted 
end of the transformer. The two re- 
actances in parallel present a low imped- 
ance across the line at the point of con- 
nection to the transformer. Therefore a 
high impedance is placed across the main 
line at the T-junction so that only a 
small amount of transmitter energy is 
lost in the anti-T-R line. 

The use of T-R and anti-T-R trans- 
formers is especially essential when 
coaxial transmission lines are used in the 
aerial system. In this case, the imped- 
ance of the line is comparable with the 
impedance of the spark gap when con- 
ducting. The impedance of the gap must 
be transformed to a much lower imped- 
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Fia.17-56 Half-wave T-R transformer for use 
with coaxial transmission line. 


ance in order to reflect a high impedance 
at the T-junction. A transformer for use 
in the T-R branch of a coaxial transmis- 
sion line is shown in Fig. 17-56. It 
consists of a half-wave section shorted 
at both ends with the spark gap in the 
centre. When the gap is non-conducting, 
there is a high impedance between inner 
and outer conductors at the centre of 
the transformer and a low impedance at 
both ends. The lines from the T-junction 


and the receiver are tapped into the 


transformer at points which provide a 
suitable match when the gap is in a 
non-conducting condition. Therefore 
energy can pass from the T-junction 
through the transformer to the receiver 
with little attenuation. When the trans- 
mitter is pulsed, the gap arcs presenting 
a low impedance. The line from the 
T-junction is then terminated in two 
shorted stubs AB and BC in parallel. 
Each stub is less than a quarter wave- 
length and presents a low inductive im- 
pedance at the point where the line joins 
the transformer. The line from the 
T-junction is then resonant and is 
adjusted in length to reflect a high im- 
pedance at the T-junction in the direc- 
tion of the receiver. The transformer 
and T-R switch therefore protect the 
receiver from damage by the transmitter 
pulse. 
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D. Sealed T-R S»nark Gap 

While the spark-gap terminals may be 
exposed to air at atmospheric pressure 
when used with open-wire lines and 
coaxial cables at low radar frequencies, 
they do not meet the requirements neces- 
sary for best operation. These require- 
ments are that the resistance of the gap 
be very high until arcing takes place, and 
then fall to a low value throughout the 
arc. At the end of the arcing period, the 
resistance should rise very quickly to its 
original value. A spark gap in air 
ordinarily has an arcing resistance in the 
neighbourhood of 50 ohms and requires 
about 10 microseconds for de-ionization 
of the air to take place and extinguish 
the arc. Both the resistance and the 
de-ionization period can be reduced by 
placing the electrodes inside a glass 
envelope and reducing the pressure of 
the enclosed gas. The de-ionization 
time can be reduced to about one micro- 
second by placing water vapour in the 
tube at a pressure of one millimeter of 
mercury. 

The operation of the switch is further 
improved by introducing a third elec- 
trode into the glass envelope as shown 
in Fig. 17-57. This electrode, known 
as the keep-alive is placed close to one 
terminal of the gap and maintained at a 
negative potential of 500-1000 volts. A 
small discharge is maintained between 
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the keep-alive and the neighbouring 
electrode, but the ionization does not 
extend to the main gap until the trans- 
mitter pulse enters the switch. The effect 
of the keep-alive electrode is therefore to 
reduce the time required for the are to be 
established across the gap and also to 
prevent stray ions in the switch from 
reaching the main gap and producing 
noise in the receiver. 

Most of the T-R switches used at 
microwave frequencies are fitted with a 
high-Q metal resonant switch similar in 
construction to the reflex klystron but 
with only the keep-alive electrode instead 
of the filament, cathode, grids and re- 
peller (Fig. 17-58). Coupling loops are 
provided for inserting the r-f energy 
from the aerial into the cavity and for 
extracting the r-f energy from the cavity 
for the receiver. The cavity is tuned to 
resonate at the transmitter frequency by 
adjusting the tuning plugs as in the case 
of the klystron. <A sectional view of a 
T-R switch connected in a coaxial trans- 
mission line is shown in Fig. 17-59. 

While T-R switches are comparatively 
simple in construction, they tend to de- 
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teriorate with continued use and should 
be checked periodically to ensure opti- 
mum operation. Metal particles dis- 
lodged from the electrodes tend to form 
a conducting layer on the glass walls and 
reduce the Q of the cavity. This in- 
creases the losses in the cavity during the 
receiving period and results in reduced 
input to the receiver. Another cause of 
deterioration is the absorption of gas 
within the envelope by the metal elec- 
trodes. The switch then requires a higher 
voltage to establish the are and conse- 
quently it affords less protection to the 
receiver. 


E. T-R Switches for Waveguide 
Systems 


Resonant-cavity switches may be used 
in waveguide transmission systems by 
employing direct or indirect coupling to 
the waveguide. If the indirect method is 
used, a section of coaxial line is connected 
between the waveguide and the resonant 
cavity. Energy is extracted from the 
waveguide by means of a probe and 
inserted into the cavity by a coupling 
loop. In this case the operation of the 
T-R device is the same as if a coaxial 
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line is used throughout. 

The T-R cavity may be directly 
coupled to the waveguide as shown in 
Fig. 17-60. Coupling is provided by a 
coupling slot or aperture which is common 
to the cavity and the waveguide. The 
r-f energy from the transmitter passes 
along the waveguide, through the aper- 
ture and excites the cavity causing ion- 
ization to take place in the spark gap. 
This de-tunes the cavity to prevent 
energy from passing through to the re- 
ceiver. It also presents a low impedance 
across the aperture which effectively 
seals the opening and permits the trans- 
mitter energy to flow to the aerial. 
When an echo is received, the cavity is 
also excited but not sufficiently to cause 
the spark gap to arc. The high Q of the 
cavity is maintained and the energy is 
fed through to the receiver coupling slot 
on the opposite side. 

Instead of coupling the T-R and anti- 
T-R switches directly to the main wave- 
guide, these devices may be placed at 
the ends of branch waveguides as shown 
in Fig. 17-61. Each branch guide is 
made one half wavelength long (or a 
multiple of half wavelengths) so that the 


RADAR SYSTEMS 


Anti-T-R switch 


Coupling slot 
ranch waveguide 
qos junction 
4— 


——e Main waveguide 
From 


transmitter 


To aerial 


T-R junction 


Branch waveguide Coupling slot 


T-R switch 


| 


To receiver 


Fic.17-61 T-R and anti-T-R switches in branch 
waveguides. 


impedance it presents at the main guide 
is the same as the impedance at the end 
remote from the main guide. The remote 
end is terminated in a coupling slot which 
is common to the waveguide and the 
resonant cavity of the switch. 

When the transmitter is pulsed, suffi- 
cient energy flows into the branch wave- 
guides to excite the resonant cavities and 
cause the spark gaps to arc. This detunes 
the cavities and produces a short-circuit- 
ing effect across each of the coupling 
slots. Since each guide is a half wave- 
length long, this short circuit also appears 
across the T-junctions to the main guide. 
Hence the transmitter energy flows to 
the aerial. 

During the period between transmitter 
pulses when echoes are received, neither 
cavity is excited, sufficiently to cause 
arcing at the gap. Energy is therefore 
permitted to flow through the coupling 
slots with little attenuation. Pulses from 
the aerial flow to the T-R junction, mto 
the half-wave section of guide and through 
the high-Q resonant circuit to the re- 
ceiver. The anti-T-R switch reflects an 
open circuit into the branch guide half a 
wavelength away. This impedance is 
transformed by the quarter-wave section 
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of the main guide between the T-junc- 
tions to short the opening of the guide in 
the direction of the transmitter at the 
T-R junction. Thus the echo pulse is 
prevented from following the main guide 
back to the transmitter and is diverted 
into the receiver guide. 


F. Echo Bozes 


The tuning of the i-f amplifiers in the 
receiver of a radar set is usually pre-set 
and not adjusted during operation. The 
tuning of the transmitter is also fixed 
in the case of microwave radar. The 
only frequency adjustment made during 
operation is that of the local oscillator. 
It must be kept operating at a frequency 
which differs from the transmitter fre- 
quency by the i-f. This adjustment is 
loosely referred to as tuning the receiver. 
In addition there are ordinarily several 
adjustments in the aerial system which 
depend upon the frequency of the trans- 
mitter and which must be set to obtain 
maximum efficiency of the set. These 
include the adjustment of tuning stubs 
used for impedance matching, T-R 
switches, anti-T-R switches, ete. 

The most satisfactory method of set- 
ting these controls is by obtaining radar 
echoes from a distant target. The adjust- 
ments are made to give maximum ampli- 
tude of echoes on the c.r.t. 

In the case of shipborne or airborne 
radar, echoes may not always be avail- 
able. In this case an echo box is useful 
for tuning the set. 

The echo box consists of a resonant 
cavity with a very high Q, of the order 
of 35,000. The cavity is tuned to the 
transmitter frequency and is coupled to 
the transmitter aerial to receive energy 
when the transmitter pulses. Oscillations 
set up in the cavity continue for a 
number of microseconds after the trans- 
mitter pulse has ended. This oscillation 
of the cavity is called ringing. While the 
ringing continues, the cavity feeds energy 
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into the receiver at the frequency of the 
transmitter. The effect is the same as if 
echoes were returning from nearby 
targets. The aerial system and local 
oscillator can then be tuned to produce 
the longest signal on the c.r.t. as shown 
in Fig. 17-62 (a). The ringing time is 
considered to end when the signal falls 
to the level of the noise on the screen. 

The echo box may be excited by plac- 
ing it in front of the transmitting aerial. 
It is usually preferable however to excite 
the cavity by placing a small pick-up 
dipole in front of the aerial and feeding 
the echo box by a coaxial line. In this 
way, the echo box may be placed close 
to the indicator, if desired. 

The echo box is tuned to the trans- 
mitter frequency by adjusting its tuning 
plugs to give maximum ringing time on 
the c.r.t. The tuning is then kept con- 
stant while the receiver is tuned. When 
this has been accomplished, the echo box 
should be thoroughly de-tuned so that it 
will not absorb energy during operation 
of the set. 

The echo box method of tuning is pref- 
erable to tuning on permanent echoes 
if only a PPI is available as the indica- 
tor. If a PPI is used, tuning on a 
permanent echo requires that the con- 
trols be adjusted for maximum intensity 
of the echo spot on the screen. This may 
be difficult to judge because PPI tubes 
usually have long persistence screens. 
If an echo box is used, the controls are 
adjusted to give the maximum length of 
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bright trace from the centre of the screen 
as shown in Fig. 17-62 (b). 

17.6 Lobe switching. The accuracy 
with which the bearing of a target may 
be determined depends upon the direc- 
tional properties of the transmitting and 
receiving aerials. An indication of the 
directional properties of the aerial is 
provided by the polar diagram as shown 
in Fig. 17-63. The diagram indicates 
the relative intensity of the field radiated 
in various directions from the aerial, 
when the aerial is used for transmitting 
purposes. For example, the lengths AB 
and AC represent the relative intensities 
of radiation in the direction at right 
angles to the dipole and 10 degrees 
away from this direction. In the case 
of the aerial being used for reception the 
polar diagram indicates the relative in- 
put from the aerial to the receiver for 
signals received from various directions. 

When a radar bearing of a target is 
being determined the aerial is rotated 
until the maximum input signal to the 
receiver is produced as indicated by the 
maximum amplitude of the echo on the 
c.r.t. The aerial is then pointing in the 
direction of the target. This method, 
however, does not make use of the maxi- 
mum sensitivity of the aerial to changes 
in bearing as indicated by the polar 
diagrams of Fig. 17-64. A 10-degree 
shift of the aerial about the position of 
maximum sensitivity, Fig. 17-64 (a), pro- 
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duces a very small variation in sensi- 
tivity as indicated by the slight differ- 
ences in the lengths AB, AC, AD. If, 
however, the target is 15 degrees off the 
position of maximum signal, Fig. 17-64 
(b), a 10-degree shift of the aerial posi- 
tion results in a much greater variation 
in signal input as indicated by the rela- 
tive lengths of AE and AF. In order to 
make use of the region of maximum 
sensitivity to changes of bearing two 
aerials may be used with these regions 
overlapping as in Fig. 17-65. Each aerial 
provides an input signal to a separate 
receiver and hence to the c.r.t. where the 
signal amplitudes are compared; or, each 
aerial is connected alternately to one 
receiver and hence to the indicator. This 
process is called lobe switching. The c.r.t. 
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is rotated 90° from its normal position 
for type A presentation so that the 
trace is vertical and the sweep takes 
place from the bottom to the top of the 
screen. The video outputs from the 
receiver or receivers are applied to the 
horizontal-deflection plates to deflect the 
sweep sideways from its centre position. 

Fig. 17-66 shows an arrangement using 
two receivers. The two receivers are 
alternately connected to the c.r.t. by a 
double-pole, double-throw switch which 
is operated by a switch motor. The 
switching takes place many times per 
second so that the two traces appear 
simultaneously on the c.r.t. The sequence 
of events is, therefore, as follows. The 
switching motor connects aerial 1 and 
receiver 1 to the c.r.t. The transmitter 
is pulsed and the sweep takes place from 
the bottom to the top of the screen. The 
transmitter pulse which appears at the 
bottom of the trace and any echoes re- 
ceived during the sweep are made to 
deflect the trace to the left. When this 
cycle has been repeated several times, 
the switching motor disconnects receiver 
1 from the ¢.r.t. and connects receiver 2 
in its place. The cutput of this receiver 
is of the correct polarity to deflect the 
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Fr1a.17-66 Block diagram of lobe-switching 
arrangement using two receivers. 
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trace to the right. The echo pulses must 
appear directly opposite each other along 
the trace because the position of each 
indicates the range of the target and is 
independent of the lobe switching. 

When the target is symmetrically 
placed between the lobes of the two 
aerials, as shown in Fig. 17-65, the input 
signals to the two receivers are equal. 
The receiver gains are then adjusted to 
produce equal outputs to the c.r.t. so 
that the echo pulses have the same 
amplitude. This balance must be main- 
tained during operation. — 

If the aerial system is rotated so that 
aerial 1 is pointing more directly at the 
target than aerial 2, Fig. 17-67 (a), the 
output of receiver 1 is greater than the 
output of receiver 2 and the echo pulse 
on the left side of the trace is greater than 
that on the right. Similarly, if the line 
to the target lies more in the polar dia- 
gram of aerial 2 than in that of aerial 1, 
Fig. 17-67 (b), the echo pulse is greater 
on the right side of the trace than on 
the left. 

In operation, the aerial system is 
rotated to such a position that the right 
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and left hand echoes are equal. The 
aerial system is then pointing in the 
direction of the target. The sensitivity 
of the lobe-switching system to changes 
of bearing is greater than that of a single 
aerial because each aerial is operating 
over a region of its polar diagram which 
is more sensitive to changes of bearing. 
The operator is able to select the correct 
on-target position of the aerial more 
readily since he is comparing two signals 
having greater changes in amplitude per 
degree change in aerial direction and 
having opposite directions of change. 
While the system shown in the block 
diagram of Fig. 17-66 is easily under- 
stood, it is not the most efficient arrange- 
ment because two receivers are required. 
The same receiver may be used to amplify 
signals from both aerials by employing a 
second switch S, as shown in Fig. 17-68. 
This switch is ganged with the c.r.t. 
switch S,; and operated by the switch 
motor. When the switches are in the 
left hand position, aerial 1 is connected 
to the input of the receiver. The output 
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signal is applied to the left deflection 
plate while the right hand plate is 
grounded for a-c. When the switch is 
thrown to the right the receiver is con- 
nected to aerial 2 and the output is 
applied to the right hand plate of the 
ent. 

The system of using two aerials 
alternately to effect lobe switching is 
simple but inefficient because only one 
aerial is in actual use at any one time. 
It is possible to make use of the signals 
from both aerials continuously by shift- 
ing the phase of one input to the receiver 
relative to the other. This has the effect 
of producing a polar diagram which is 
shifted from the axis of symmetry of the 
two aerials. Several methods which have 
been devised to produce this effect are 
described in the following paragraphs. 


A. Off-Centre Feed to Receiver 


A receiving aerial consisting of two 
dipoles placed end to end is shown in 
Fig. 17-69. A phasing section is connected 
to the centre of each dipole as in a 
balanced collinear aerial. Instead of 
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connecting the receiver feed line to the 
centre of the phasing section, it is dis- 
placed somewhat as shown in the dia- 
gram. If a target lies at 7, on the centre 
line through the aerials, the echo signal 
induces voltages at the centre of each 
dipole which are equal in amplitude and 
in the same phase. These signals are 
made to travel unequal distances AO 
and BO from the dipoles to the receiver 
feed point. This causes the two signals 
to be out of phase with each other as 
shown. 

If, now, the target is moved to the 
right as shown in Fig. 17-70, the voltage 
induced in aerial 1 by the echo lags the 
voltage induced in aerial 2 because of the 
additional distance from the target to 
aerial 1. These voltages are brought in 
phase at O because the leading voltage 
from aerial 2 travels a greater distance 
in passing from B to O than the voltage 
from aerial 1 travels in passing from 
A to O. As a result, the input to the 
receiver has a greater amplitude when 
the target is at 7, than when the target 
is at T,;. The polar diagram of this 
system is shown in Fig. 17-71. 

If the receiver feed point is moved to 
the right of centre on the phasing section 
(Fig. 17-72), the polar diagram of the 
aerial is shifted to the left. By switching 
from feed point A to feed point B the 
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same type of indication is produced as 
by switching from one slanted aerial to 
another as in Fig. 17-68. That is, when 
the aerial system is pointed directly at 
the target the right and left hand echoes 
have the same amplitude. This arrange- 
ment has the advantage that both di- 
poles provide input signals to the re- 
ceiver at all times. However, the problem 
of switching from one feed point to the 
other is difficult to solve mechanically. 


B. Phasing Section Connected 
to Aerial Elements 


The phasing section which effects the 
lobe switching may be connected directly 
to the aerial elements (Fig. 17-73) instead 
of in the transmission lines. The feed 
lines to the receiver are then connected 


“rN 


\ 
Lobe B | Lobe A 


Aerial 1 4 Aerial 2 


Jaa B 


Fia.17-72 Complete polar diagram for aerial 
system with off-centre feed to receiver. 


FUNDAMENTALS OF RADIO 


Aecrial | Aerial 2 


Phasing section 


Input to recewer Input to receiver 


Fic.17-73 Phasing section connected to aerial 
elements. 


to the centres of the dipole elements and 
are switched to the receiver input alter- 
nately as in the case of off-centre feed 
aerials. 

When the target is on the centre line 
perpendicular to the aerials at position 
T, equal voltages in phase with each 
other are induced at A and B by the 
echo. If the receiver is switched to the 
input at C, one signal travels the path 
AC to the receiver feedpoint and the 
other BAC to the same point. These 
signals may be in or out of phase with 
each other depending upon the path 
difference from B to A, including the 
phasing section. The path difference is 
adjusted by varying the length of the 
phasing section so that these voltages 
are somewhat out of phase with each 
other and the input to the receiver is less 
than a maximum. Similarly, if the re- 
ceiver is switched to D the path differ- 
ence is the same and the input to the 
receiver is less than a maximum. If the 
target is moved to the right to position 
T, as shown in Fig. 17-73, the voltages” 
induced at the centres of the two dipoles 
are out of phase with each other because 
of the difference in their distances from 
the target. The voltage at A must lag 
behind the voltage at B. The phasing 
section is now adjusted so that the delay 


RADAR SYSTEMS 


Aerial | 


Sih 2 


Phasing section 


rf 


amplifier 


Receiver 


Echo pulse 1 Echo pulse 2 


Fia.17-74 Electronic switching of aerials to 
receiver. 


introduced by the path difference from 
B to A brings the two signals in phase 
again when the input to the receiver is 
at C. The input to the receiver is then a 
maximum and the polar diagram for the 
input at C is displaced in the direction 
of the target as shown in the figure. 

If the target is moved a corresponding 
amount to the left, to position 72, the 
two signals are in phase when the input 
to the receiver is at D. The polar dia- 
gram for the input at D, as shown by the 
dotted line, is displaced in the direction 
of the target as shown. 


C. Electronic Switching of Aerial 
Signals to Receiver 


The switching arrangement shown in 
Fig. 17-68 is subject to mechanical and 
electrical failure at the switch contacts. 
The moving parts may be eliminated by 
employing an electronic switch to con- 
nect the aerials to the receiver alternately. 
A block diagram of this arrangement is 
shown in Fig. 17-74. 

The aerial signals are fed through 
separate r-f amplifier circuits. These 
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amplifiers are alternately gated on and 
off by the electronic-switch multivibra- 
tor. This circuit produces a square wave 
of voltage at a frequency which is a 
submultiple of the pulse repetition fre- 
quency of the set. Two voltages 180° out 
of phase with each other are applied to 
the screen grids of the gated amplifiers. 
When the screen of one valve is made 
positive for normal amplification, the 
screen of the other valve is made suffi- 
ciently negative to cut off the anode 
current. The signal from aerial 1 is 
therefore permitted to pass to the re- 
ceiver while that from aerial 2 is blocked. 
On the other half cycle of the multi- 
vibrator output, the On valve is turned 
off and the Off valve is turned on. ° 
Therefore the signal from aerial 2 is 
passed to the receiver while that from 
aerial 1 is blocked. 

When electronic switching of the aerial 
inputs is employed, the presentation of 
the echo pulses on the c.r.t. is somewhat 
different from that previously described. 
The trace is horizontal as in a normal 
type A presentation but the echo signals 
from the two aerials are placed side by 
side as in Fig. 17-74. This is accomplished 
by applying the square wave of voltage 
from the electronic-switch multivibrator 
to the horizontal deflection plates, in 
addition to the sweep voltage. The square 
wave causes the trace to shift abruptly 
to the right during one half of the multi- 
vibrator cycle and to the left during the 
other half cycle. The trace-shifting volt- 
age is so phased that when aerial 1 is 
connected to the receiver, the trace is 
shifted to the left, Fig. 17-75 (a), and 
when aerial 2 is connected to the receiver 
the trace is shifted to the right, Fig. 
17-75 (b). As a result the echo signals 
from the two aerials appear side by side 
on the c.r.t. as shown in Fig. 17-75 (c). 
When the aerial is pointing to the right 
of the target the right pulse is greater 
than the left pulse, and vice versa. 
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Fig.17-75 Presentation of aerial signals with 
electronic lobe switching (a) Input from aerial 1 
(b) Input from aerial 2 (c) Input from aerials 1 
and 2 alternately. 


When the aerial is pointing directly at 
the target, the two echo pulses have the 
same height. 

17.7 Conical scanning. The principle 
of lobe switching to produce accurate 
indication of the bearing of a target may 
be extended to determine the elevation 
of a target as well as the azimuth. This 
is of particular importance in fire control 
designed to operate against aircraft. The 
directional lobe of the aerial is rotated 
so that its axis traces out a cone in 
space (Fig. 17-76). The name conical 
scanning is therefore given to this 
operation. 

The aerial is directed in bearing and 
azimuth so that the axis of the cone 
coincides with the line from the aerial 
to the target. The amplitude of the 
echo from the target then remains con- 
stant as the lobe is rotated. If the aerial 
is shifted so that the axis of the cone 
does not coincide with the line from the 
aerial to the target, the amplitude of the 
echo pulse will vary as the lobe is rotated. 
If, for example, the aerial is elevated 
slightly, a larger echo will be received 
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when the lobe is at the bottom of its 
sweep than when it is at the top. The 
relative phase and magnitude of the 
signal variation may be used to cause the 
aerial to be redirected to bring the axis 
of the cone back to the line from the 
aerial to the target. 

The simplest method of rotating the 
directional lobe is to use an off-centre 
dipole as shown in Fig. 17-77. The dipole 
assembly is bent away from the axis of 
the reflector and rotated at a speed of 
20 to 60 revolutions per minute by a 
scan motor. This method has the dis- 
advantage that the dipole assembly is 
not balanced mechanically about the axis 
of rotation. Several methods of phasing 
the elements of the aerial to produce a 
lobe which is off the axis of symmetry of 
the aerial have been devised to overcome 
this difficulty. They are similar in 
operation to the aerials already described 
for lobe switching. 

Somewhat different methods of pro- 
ducing the conical scan are used with 
waveguide feed. One method is shown 
in Fig. 17-78. It consists essentially of a 
rotating polystyrene-filled circular wave- 
guide placed in the reflector end of a 
fixed circular waveguide. The rotating 
waveguide is bent so that its axis does 
not point directly at the centre of the 
reflector. Hence the directional lobe of 
the aerial assembly is displaced from the 
axis of the reflector end of the waveguide. 
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The polystyrene-filled guide is coupled 
by a plexiglass shaft to the scan motor 
which rotates the guide and hence the 
lobe. The fixed guide is matched to the 
rotating guide by the shape of the inner 
end of the polystyrene. The rotating 
waveguide is matched to the reflector 
and free space by a small hole in the 


17.8 Questions and problems. 


1. Draw a block diagram of a radar set 
and explain briefly the purpose of 
each of the fundamental components. 


2. Why is it desirable to employ a very- 
high-frequency r-f carrier? 
3. What additional difficulties are pre- 


sented by the use of a very high 
frequency for transmission? 


4, What determines the minimum and 
maximum permissible values of pulse 
repetition frequency? 


5. What is meant by the transmitter 
pulse width? 


6. What determines the maximum per- 
missible pulse width? 
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outer end of the polystyrene. 

The rotating joint is a metal-to- 
metal bearing between the main wave- 
guide and the rotating waveguide. 
Loss of enérgy through this joint is 
prevented by a groove around the inner 
surface which acts as a quarter-wave 
choke. 


7. What is meant by the term duty 
cycle? 

8. How is the duty cycle related to the 
peak and average values of trans- 
mitter power? 

9. Distinguish between long-wave and 
short-wave radar frequencies. 

10. What approximate frequencies and 
wavelengths are associated with the 
term microwave radar? 

11. What is the purpose of the timing 
unit in a radar set? 

12. What is the advantage of employing 
a separate timing unit? 

13. What is meant by power-supply tim- 
ing? 
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14. 


15. 


16. 


ffs 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


How are several radar sets prevented 

from interfering with each other 

when all are timed by the same power 

supply? 

How may the transmitter be used to 

provide timing of the set? 

Why is indicator timing required 

when calibration markers are used 

for ranging? 

What is the reason for operating the 

timing oscillator at a frequency of 

81.95 Ke/s? 

How is the pulse repetition frequency 

obtained in such a set? 

Name the type of radar transmitter 

shown in Fig. 17-7. How is the 

transmitter maintained in an Off 

condition between pulses? 

(a) Explain how the modulator of 
this set turns the transmitter on. 

(b) What determines the duration 
of the transmitter pulse? 

In the circuit of Fig. 17-8, what is the 

purpose of 

(a) the discharge line 

(b) the thyratron? 


(a) What is the purpose of the driven 
stage? 


(b) Why is it called a bootstrap 


circuit? 


Why is a cathode-loaded amplifier 
preferable to an anode-loaded circuit 
in a cascade pulse amplifier? 


Explain how the modulator of Fig. 

17-8 turns the transmitter on and off, 

What are 

(a) the voltage requirements 

(b) the capacitance requirements of 
Cs, in Fig. 17-8? 


In what respect is a thyratron modu- 
lator superior to a hard-valve modu- 
lator for a magnetron transmitter? 
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(a) What is the purpose of the trigger 
circuit of Fig. 17-11? 

(b) Explain the operation of this 
circult. 


How is the modulator of Fig. 17-11 
biased off between pulses? 


(a) What is the purpose of the dis- 
charge line in Fig. 17-11? 


(b) Explain how it becomes charged 


and how it becomes discharged. 


Describe the voltages that exist 
across the primary winding of 73, 
the pulse cable and the secondary 
of f Aa 


(a) between transmitter pulses 


(b) during the transmitter pulse in 
Fig. 17-11. 


(a) Make a drawing of a fixed-spark- 
gap modulator. 


(b) How is the gap made to conduct? 


What causes the gap to stop con- 
ducting at the end of the pulse? 


Compare the spark-gap and the 
thyratron modulator as to the maxi- 
mum voltage and current which each 
supplies to the transmitter. 


(a) What limits the effective life of 
the fixed-spark-gap modulator? 

(b) How is this life extended by the 
rotary spark gap? 


How is the rotary-spark-gap modu- 
lator made to conduct? 


What is meant by the term noise 
(a) in a radar receiver 


(b) on a c.r.t. sweep? 


Name the three chief sources of noise 
produced in a radar receiver. 


Why is the initial stage of the re- 
ceiver the most important one so far 
as the generation of noise is con- 
cerned? 
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(a) What is meant by thermal agita- 
tion? 

(b) How does it develop noise volt- 
ages? 


Why is it necessary to have a very 
wide bandwidth in radar receivers? 


What disadvantage does a wide band- 
width have? 


What is the minimum receiver band- 
width required to amplify pulses of 
.5 microsecond and 1 microsecond 
duration respectively? 


Name the stages and state the valve 
types that may be used in a receiver 
for long-wave radar and for micro- 
wave radar respectively. 


Why are r-f amplifiers not used in 
microwave radar sets? 


What type of valve is most suitable 
for r-f amplification in long-wave 
radar receivers? 


Compare the local-oscillator valves 
in long- and short-wave radar re- 
ceivers. 


Compare the first detectors in long- 
and short-wave radar receivers. 
Make a diagram of a mixer unit con- 
taining a crystal first detector. 
Trace the path of r-f, i-f and d-c 
components of the rectified current 
in the mixer. 

How is a wide bandwidth obtained 
in the i-f amplifier stages? 

What type of valve and what type 
of coupling are used in video voltage 
amplifiers? 

What is the purpose of a cathode- 
follower video amplifier? 

Explain what is meant by blocking 
of the receiver. 


What is meant by the recovery time 
of the receiver? 
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Explain why the receiver is insensi- 
tive to echo pulses during the re- 
covery time. 


Draw a diagram of a circuit used to 
reduce the recovery time and ex- 
plain its operation. 


Explain how gating the receiver may 
be used to prevent the transmitter 
pulse from blocking the receiver. 


What is wave clutter? 


(a) What is a swept-gain circuit? 


(b) From what part of the circuit 
does it receive its input? 


To what part of the circuit is the 
output applied? 


Draw an anti-wave-clutter cir- 
cult. 


Explain how the maximum am- 
plitude of the output voltage is 
controlled. 


How is the duration of the out- 
_ put voltage controlled? 


What is meant by a logarithmic 
receiver? 
(b) 


How is the logarithmic response 
achieved? 


(a) 


Draw a diagram of a logarithmic 
amplifier. 

(b) Explain its operation when re- 
ceiving small signals and when 
receiving large signals. 

For what application is automatic 


gain control of the receiver required? 


Make a block diagram of an a.g.c. 
circuit and explain briefly the func- 
tion of each section. 


(a) What is the purpose of the range 
notch? 


(b) What is the purpose of the target 
selector? 


(c) How are these two related? 
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What is the purpose of the detector 
in an a.g.c. circuit? 


How is the amplitude of the tracked 
pulse made to increase to offset 
fading? 


What is the purpose of a T-R switch 
in radar systems? 


Make a diagram of a spark-gap T-R 
switch and describe its operation 
during transmission and during re- 
ception of signals. 


What is the purpose of an anti-T-R 
switch? 


Make a diagram of an aerial system 
with an anti-T-R switch and explain 
its operation during transmission and 
reception of pulses. 


What characteristics of the trans- 
mitter make it necessary to use a 
transformer between the T-R switch 
and the aerial system? 


(a) Draw a diagram of a coaxial 
half-wave resonant transformer 
containing a T-R switch. 


(b) Explain its operation during 
transmission and reception of 
pulses. 


What is the purpose of the keep-alive 
electrode in a T-R switch? 


(a) How is the cavity type of T-R 
switch tuned? 


(b) What is its equivalent circuit? 


How is energy coupled from a coaxial 
transmission line to the T-R switch 
cavity? 


How is a T-R cavity coupled to a 
waveguide? 


(a) Draw a T-R cavity coupled to a 
waveguide by means of a branch 
waveguide. 
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(b) Explain how it prevents high- 
power pulses from entering the 
branch and permits low-power 
pulses to pass. 


What is the purpose of an echo box? 
What is meant by ringing time? 


Explain how the echo box is used 
(a) with type A presentation, 
(b) with PPI presentation. 


Why must the echo box be thor- 
oughly de-tuned when the set is 
being operated to detect targets? 


Show by means of a polar diagram 
of a directional receiving aerial 


(a) the region of maximum sensitivity 


(b) the region of maximum sensitivity 
to changes of bearing. 


How is lobe switching used to obtain 
greater sensitivity to changes of 
bearing than that possible from a 
single-lobe aerial system? 


Make a block diagram of a lobe- 
switching aerial system using a single 
receiver and indicator. 


What is the appearance of the c.r.t. 
pattern 


(a) when the aerial is pointing to 
the right of the target 


(b) when the aerial is pointing 
directly at the target? 


Explain how off-centre feed from 
aerial to receiver has the effect of 
producing an off-centre lobe of re- 
ception. 


What would be the effect of reducing 
slightly the effective length of the 
phasing section of Fig. 17-72? 


What is the chief advantage of elec- 
tronic switching of the aerial circuit? 
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Why must the electronic switch out- 
put be applied to the c.r.t. circuit 
as well as to the gated amplifiers? 


Sketch the appearance of the c.r.t. 

pattern 

(a) when the aerial is pointing to 
the right of the target 

(b) when the aerial is pointing 
directly at the target. 


What is the purpose of using conical 
scanning? 
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What is the effect on the receiver 
input 


(a) when the conical scanner is point- 
ing directly at the target 


(b) when the axis of the cone is 
slightly above the aerial-target 
line? 


How is conical scanning accomplished 
in the case of waveguide feed to a 
paraboloidal reflector? 


CHAPTER XVIII 


LINE COMMUNICATIONS 


The bulk of commercial communica- 
tions and a high percentage of Service 
communications ashore are accomplished 
by means of closed wire circuits or land 
lines. While it might appear that the 
subject of line communications falls out- 
side the scope of a textbook on radio, it 
must be appreciated that both types of 
communication are frequently employed 
in forwarding a particular message. It is 
therefore essential that Service personnel 
have an understanding of all methods of 
communication in current use, including 
telephone, telegraph and teletype by both 
land line and wireless links. In addition, 
many of the techniques used in line com- 
munications are also employed in ships. 
The present chapter deals with the fol- 
lowing aspects of line communications: 

(i) voice-frequency telephone 
(ii) d-c telegraph 
(iii) carrier telephone 
(iv) carrier telegraph. 

18.1 Line communications versus 
radio communications. Line communica- 
tions are, in general, more economical 
and more reliable than radio communi- 
cations between permanent installations 
ashore. Radio equipment, especially 
transmitters, consume more electrical 
power than corresponding wire facilities. 
Also, the total number of radio channels 
which can be utilized is limited by fre- 
quency assignment and interference 
considerations, whereas the total number 
of wire circuits is limited only by the 
amount of material and personnel avail- 
able for the installation and maintenance 
of the lines. Because of ionospheric con- 
siderations and other vagaries of propa- 
gation, radio communication ranges are 


less predictable than those of wire lines. 
Radio communications are readily sub- 
ject to interception, direction finding and 
jamming by hostile stations and the 
volume and geographical distribution of 
message traffic may be readily ascer- 
tained by the enemy. On the other 
hand, wire communication is subject to 
interruption and, to a small degree, 
interception at any point along the wire 
route as a result of physical damage from 
bombing, shell fire and sabotage; where- 
as in radio, only the aerials and terminal 
equipment are vulnerable to physical 
damage. 

18.2 Telephony versus telegraphy. 
The greatest advantage of the telephone 
is that it affords immediate personal con- 
tact between individuals. Its chief dis- 
advantages are the lack of permanent 
records of conversations, the tendency to 
consume too much time in talk and the 
possibility of non-compliance with 
security regulations. Telegraphy is best 
suited to one-way messages and orders 
which require no explanation. A tele- 
phone can transmit information faster 
than an ordinary single telegraph channel 
since a fast talker can read 150 to 200 
words per minute of ordinary material 
so that it can be readily understood over 
a good telephone circuit; the normal 
speed for sending over a telegraph circuit 
from a previously prepared tape is 60 
words per minute while the speed for 
manual operation varies from 10 to 40 
words per minute depending on the skill 
of the operators. The simplicity of 
telegraph signals as compared with the 
more complex speech currents makes 
possible the transmission of 12 telegraph 
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Fiac.18-1 Single unit of sound-powered tele- 
phone link. 


messages over a frequency band no 
wider than that required for one tele- 
phone conversation. 

18.3 Telephone systems. A complete 
telephone system includes speech trans- 
mission channels, telephone instruments 
and switching and signalling equipment. 
A telephone transmission channel is a 
path which carries a single conversation 
between two telephones. For satisfac- 
tory transmission, the received speech on 
this channel must be loud enough to be 
understood and, in addition, certain un- 
wanted effects such as noise, crosstalk 
and the tendency of repeaters to sing 
must be controlled. 

Telephone systems may be roughly 
divided into two types, sownd-powered 
and battery-powered. Sound-powered tele- 
phones are operated by the voice without 
any external power supply; they have a 
much lower transmitting efficiency and 
can therefore be used only on relatively 
short circuits and when the transmission 
loss between telephones is small. Battery- 
powered telephones may use batteries 
located at the telephone (local battery 
system) or may obtain battery supply 
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over the loop from the telephone central 
office (common battery system). 


A. Sound-Powered System 


Sound-powered telephones are widely 
used in shipboard installations where the 
distance between units is small and conse- 
quently the line loss is low. Two units 
of the type shown in Fig. 18-1 make up a 
system for point-to-point communication. 
Sound-powered telephones may also be 
used on switchboard connections such as 
that shown in Fig. 18-2. This unit con- 
tains two operator’s handsets, signalling 
lamps, switches for connecting together 
any pair of sixteen outstations and ringers 
for calling these stations. A switchboard 
installation for use in larger ships and 
shore establishments is shown in Fig. 
18-3. Power to operate the signalling 
lamps and relays contained in the switch- 
board unit is supplied by a suitable d-c 
source while the power required to operate 
the handsets is provided by the voice. 

The handset of the sound-powered unit 
is similar in appearance to the battery- 
operated unit and contains a micro- 
phone and a receiver. No current is 
supplied to the microphone of the sound- 
powered unit however. The microphone 
contains a permanent magnet, coil and 
diaphragm and is similar in construction 


Fia.18-2 Switchboard unit of sound-powered 
telephone system. 
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Fia.18-3 Telephone switchboard unit for large 
ships and shore installations. 


and operation to a headphone. Sound 
waves, entering the microphone, set the 
diaphragm in vibration and set up in- 
duced currents in the coil. These currents 
are made to flow through a closed wire 
loop to the receiver of the remote unit. 
The receiver is a resonant magnetic unit 
in which the diaphragm is undamped and 
clamped at the edge. Mechanical coup- 
ling is used between the diaphragm and 
the armature to prevent excessive loss in 
efficiency. The voice current from the 
microphone sets the armature and dia- 
phragm in vibration and reproduces the 
sound waves entering the microphone. 
The efficiency of a sound-powered link 
is about 25 db lower than that of a similar 
carbon microphone system. This limits 
the sound-powered equipment to point- 
to-point applications where the line loss 
does not exceed about 15 db. Because of 
the resonant characteristics of the micro- 
phone and receiver units, the frequency 
response of the link falls off sharply for 
frequencies above 2000 c/s. The signal- 
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ling equipment used with sound-powered 
units is generally of the hand-operated 
type as indicated by the ringers of Fig. 
18-1 and Fig. 18-2. 


B. Common-Battery System 


Most telephone service in urban areas, 
private branch exchanges (PBX), and 
powered shipboard telephone installa- 
tions are of the common-battery type. A 
simplified diagram of a common-battery 
telephone system is shown in Fig. 18-4. 

The network consists of two outsta- 
tions operated by parties A and B and 
a switchboard attended by a switch- 
board operator. Each outstation is 
connected by a two-wire line to the 
switchboard. Associated with each out- 
station are two signalling lamps on the 
switchboard panel. The line lamp indi- 
cates to the switchboard operator that 
the outstation operator wishes to con- 
tact him. The supervisory lamp indicates 
to the switchboard operator that the 
outstation operator has terminated the 
conversation and that the line may be 
cleared. The following summary out- 
lines the sequence of events which take 
place in initiating and terminating a call 
from party A to party B. 

(i) A removes receiver from hook 
causing line lamp to signal switch- 
board operator. 

Operator inquires from A the party 
to be called. 

Operator connects line to party B 
causing supervisory lamp to light. 
Operator rings B. 

B answers, causing supervisory light 
to be extinguished. 

When conversation is concluded, A 
and B hang up receivers, causing 
both supervisory lamps to light. 
Operator removes connecting link 
from line A to line B. This ex- 
tinguishes supervisory lamps. 

A detailed explanation of the opera- 
tion of the circuit is given in the follow- 


(ii) 
(iii) 


(iv) 
(v) 


(vi) 


(vii) 
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Fia.18-4 Simplified circuit of a non-multiple common-battery system. 


ing paragraphs. If party A wishes to 
call party B, he removes the receiver 
from the hook. The switch-hook con- 
tacts close as shown in the diagram of 
Fig. 18-4 allowing direct current to 
flow through the line relay LR. When 
energized, this relay pulls up its arma- 
ture, closing the path through line lamp 
LL and thus signalling the operator. 
The operator answers this signal by 
inserting the answering plug of a cord 
circuit into the line jack LJ of the calling 
party as indicated by the lighted line 
lamp. The insertion of this plug does 
three things. First, the contacts are 
spread apart, de-energizing the line re- 
lay LR, allowing its armature to fall 
back under the force of gravity and thus 
extinguishing the line lamp. Second, the 
tip contact T and the ring contact R of 
the plug make contact with T and R of 
the line jack. The making of these two 
contacts permits direct current from the 
common battery CB to flow out to the 
calling telephone A. The path of this 
electron flow is from the negative battery 
terminal through one half of the induc- 
tive supervisory relay SR to the ring of 
the plug; then through the telephone 
set, back through the tip of the plug, 
through the other half of the supervisory 


relay to the positive (grounded) battery 
terminal. The current through the two 
halves of the supervisory relay SF causes 
the armature to open contact C. Third, 
the sleeve contact S on the plug touches 
the grounded contact S on the jack. 
The supervisory lamp SL would now 
light if the supervisory relay had not 
previously opened. The circuit of the 
supervisory lamp is, however, now in a 
condition to light as soon as this relay 
contact makes, as it does in a later 
operation. 

The operator now throws the listening 
key LK to the listening position; this 
closes the contacts at the key and con- 
nects the operator’s headset across the 
line. The desired number is obtained 
from the calling party and, if the called 
line is not busy, the operator inserts the 
plug of the calling cord corresponding to 
the answering cord previously used into 
the line jack of the called party. 

When the plug is inserted, the contacts 
of line jack LJ; are opened. This pre- 
vents the line lamp LL, from lighting 
when the receiver of the called party B 
is removed from the hook. The insertion 
of the plug also lights the supervisory 
lamp SL, through the grounded battery 
and ground on the sleeve. The receiver 
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at station B is still on the hook and no 
current is flowing through SR, to hold 
open the armature contact of this relay. 
The operator now throws the ringing key 
RK to the ringing position. This con- 
nects the called line to the signalling 
supply and opens the contacts to the line 
of the calling party so that party A will 
not receive the unpleasant signalling 
sound in his receiver. 

When called party B removes the re- 
ceiver from the hook, the contacts at the 
receiver make and current from the bat- 
tery flows out to the called station B 
through the two halves of the super- 
visory relay SR,;. The current actuates 
the armature of this relay, thus breaking 
the contact and extinguishing the super- 
visory lamp SZ. This indicates to the 
operator that the party has answered and 
that signalling may cease. The switch- 
board lamps are not lighted while the 
conversation is in progress. Conversa- 
tion takes place through the modulation 
of the direct current from the battery 
by the sound waves at the transmitting 
device. 

When the conversation has been com- 
pleted, A and B replace their receivers 
on the hooks. This breaks the receiver- 
hook contacts at both sets, thus breaking 
the path of the current through SR and 
SR, respectively. The armatures of 
these relays drop back closing the asso- 
ciated contacts and permitting current to 
flow through each of the lamps SL and 
SL. The lighting of these lamps indi- 
cates to the operator that the conversa- 
tion is completed and the connection is 
cleared by removing both plugs from 
the jacks. 


C. Multiple Switchboards 


In a small exchange, where a single 
operator can handle all incoming lines, 
it is possible to connect any two stations 
together when each station’s line termi- 
nates in a single jack only. However, 
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when there are more than a few hundred 
stations, the lines of which terminate in 
the same switchboard, it is impossible 
for one operator to handle all the lines. 
In order to apportion the work and to 
make it possible to mount the switch- 
board apparatus in such a way that it 
will permit interconnection of a large 
number of lines, the multiple switch- 
board was introduced. In a multiple 
switchboard, the answering jacks and 
signals are divided among several opera- 
tors; each operator handles, on the 
average, about two hundred lines and is - 
responsible for answering any signals 
from these stations. In addition to these 
answering jacks, there may be as many 
as 3,300 calling jacks in the position in 
front of each operator. Calling jacks do 
not have signal lamps mounted with 
them as in the non-multiple board, thus 
allowing a large number of them to be 
mounted in a relatively small space. The 
calling jacks are multipled, that is, con- 
nected in parallel with similarly located 
jacks at every third position down the 
board. In this manner, about 10,000 
calling jacks are within reach of any 
operator, either in the position directly 
in front or in the adjacent position to 
the left or right. The operator is warned 
against plugging into a busy line by 
means of a click which is heard in the 
operator’s headset when the answering 
plug is inserted into a calling jack already 
in use. Fig. 18-5 illustrates a typical 
arrangement of jacks in a common- 
battery multiple switchboard. 

Since about 10,000 multiple jacks are 
all one operator can conveniently reach, 
a system with more than this number of 
telephones must have more than one 
central exchange. When a party con- 
nected to one exchange wishes to talk 
with one connected to another exchange, 
the call must be connected by means of 
inter-exchange trunks for completion. 
Each operator must accordingly be sup- 
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Fr¢.18-5 Arrangement of jacks in a common-battery multiple switchboard. 


plied with trunk jacks to each of the 
other central exchanges. These trunk 
jacks are also shown in Fig. 18-5. 


D. Signalling 


To provide a means for the operators 
at the two ends of a circuit to signal 
each other and to signal parties called, 
signalling equipment or rzngers are re- 
quired for each circuit. Signalling on line 
circuits 1s accomplished by means of 
direct current, 20 c/s alternating current 
or voice-frequency current. Direct cur- 
rent is used for signalling on loops from 
telephones to common-battery switch- 
boards and on automatic signalling 
trunks. Twenty c/s current is used to 
ring bells at telephones and to ring 
operators over magneto loops. Carrier 
telephone channels and certain types of 
repeaters do not transmit 20 ¢/s current; 
on these circuits, voice-frequency signal- 
ling must be used. A voice-frequency 
ringer converts the 20 cycles per second 
a-c received locally to a frequency (usu- 
ally 135, 500 or 1000 c/s) which will pass 
freely over the telephone channel. This 
frequency is ordinarily interrupted at 
regular intervals to provide a 20 c/s 
signal which can be distinguished from 
voice currents in the remote receiver. 

In present-day telephone practice, 


automatic ringing is used. That is, a 
ringing signal is sent automatically at 
regular intervals until the called party 
answers. The ringing tone, very much 
reduced in volume, automatically advises 
the calling party when ringing is in pro- 
cess. An audible busy signal tone is 
automatically placed on the calling line 
when the called line is busy. These 
changes have resulted in a considerable 
improvement in the service. 


E. Automatic Dial Systems 


Automatic dial systems, often called 
machine switching systems, are a means of 
connecting desired lines together at the 
central office by purely mechanical 
methods. The first such system, the 
step-by-step dial system, was developed 
by Strowger in 1887 and, in a modified 
form, is still in wide use. In some large 
telephone plants, the step-by-step system 
has been replaced by the crossbar system 
which was first introduced on a practical 
basis just prior to the Second World 
War. Dial systems are quicker and more 
accurate than manual service and have 
proven more adaptable to improvements 
and developments in the telephone 
industry. 

1. Ster-By-StEep SystEM 
The step-by-step system of dial opera- 
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tion is best adapted to.telephone systems 
or exchange areas having a relatively 
small number of central offices. The 
switching mechanisms are operated by 
the telephone user by means of the dial 
on his telephone instrument. When the 
dial is turned, the dial contacts open the 
receiver connection and short-circuit the 
transmitter. As the dial is released, the 
current through the line is interrupted 
at regular intervals sending current im- 
pulses to the central office to operate the 
switching mechanisms. The speed of 
rotation of the dial as it returns to its 
normal position is accurately controlled 
by a governor. This mechanism provides 
a series of well-timed electrical impulses 
to the line. 

A schematic diagram for a small private 
automatic exchange (PA X) capable of 
providing step-by-step dial operation for 
100 lines is shown in Fig. 18-6. It con- 
sists of two types of switch, a line switch 
or line finder and a connector switch. The 
line finder is used to reduce the number 
of lines required to provide communica- 
tion between the 100 operators using the 
network. If the line finder were not 
used, it would be necessary to have one 
connecting line for each of the 100 
operators. This would not be practical 
since only 50 simultaneous calls are pos- 
sible while under normal circumstances 
a much smaller number would be in 
actual progress at any one time. In 
practical installations, therefore, each 
line terminates in a line switch and for 
each 50 line switches, nine trunks leading 
to nine connector switches are provided. 
The connector switch is a two-motion 
switch bank assembly of the Strowger 
design. It contains 100 contacts mounted 
in 10 horizontal rows of 10 contacts each. 
Each contact is insulated from the others 
and is connected to a terminal block at 
the back of the switch. Electrical con- 
nection may be made to any of the 100 
contacts by means of a wiper attached 
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Fia.18-6 Schematic diagram of a 100-line step- 
by-step dial telephone system. 


to a vertical switch shaft. The shaft may 
be raised by means of an electromagnet 
to bring the wiper to the vertical level 
of any of the ten contact banks. The 
shaft may then be rotated by another 
electromagnet to cause the wiper to make 
an electrical connection with any of the 
ten contacts in the horizontal bank 
selected. 

The operation of the circuit of Fig. 
18-6 is best understood by means of a 
particular example. Suppose that calling 
party A wishes to call party B, number 
83. When A removes the handset of his 
unit, the line finder switch automatically 
connects his line to a trunk leading to an 
idle connector switch. This occurs in a 
fraction of a second and without the 
knowledge of the calling party. When 
this connection is completed, the calling 
party receives dial tone. He then dials 
the first digit, 8. This operation sends a 
series of 8 impulses to the line which 
cause the switch shaft in the connector 
switch to step up to the eighth level. 
Operator A then dials the second digit 3 
which sends 3 impulses to the line. These 
impulses operate the rotary mechanism 
which causes the wiper to move to 
horizontal position 3 on vertical bank 
number 8. This completes the connec- 
tion between the two telephones and, if 
the called line is not busy, the telephone 
of party B is rung. The transmission 
circuit is completed when the called 
party answers. When both parties re- 
place their handsets, the switches are 
automatically released and the lines are 
cleared for another call. 
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A schematic diagram of a 10,000-line 
step-by-step dial system is shown in 
Fig. 18-7. It is similar to that of the 
100-line system of Fig. 18-6 but has two 
additional switches called selectors con- 
nected in series between the line finder 
and the connector. 
similar in construction to the connector 
but its operation is a combination of the 
connector and line finder operations. Sup- 
pose party A wishes to call party B at 
number 2683. When A removes his 
handset, the line finder switch finds a 
line to an idle first selector switch. A 
then hears dial tone. When he dials 2, 
the first selector switch shaft elevates 
the wiper mechanism to the second level. 
This connects party A to the 2000 group 
of lines. The shaft then rotates to find a 
line to an idle second selector. In this 
respect the selector is similar to the line 
finder. When operator A dials 6, the 
second selector operates, elevating the 
wiper to the sixth level. This connects A 
to the 2600 group of lines. The shaft 
then rotates to find a line to an idle 
connector switch. The operation of the 
connector circuit caused by party A 
dialling the remaining two digits 8 and 3, 
is precisely the same as that described 
for the 100-line system. It is evident that 
the number of lines that can be connected 
by the step-by-step equipment may be 
further increased by increasing the 
number of selector switches in the chain. 
This service is provided in large cities 
where the entire subscriber population is 
divided into regions or exchanges. Dial- 
ling the first number in a 5-number 


The selector is- 


system, or the first two letters of the 
exchange name as the case may be, 
connects the subscriber to the desired 
exchange. Thereafter the sequence of 
operations is as described for the 10,000- 
line system. 

In addition to the functions described 
above, the selector and connector switches 
may be required to carry out some or all 
of the following operations: 

(i) to hold all preceding switches in the 
switch train operative until the con- 
nection is released 

(ii) to return busy tone to the calling 
party if all selectors are busy or if 
the called party line is busy 

to ring the called party and to re- 
turn ring-back tone to the calling 
party thereby indicating that the 
called line is being rung 

to remove ringing current from the 
line when the called party answers 
(v) to supply transmission current to 
both parties 

to release all switches and clear the 
lines when the call has been com- 
pleted and the parties replace their 
handsets. 

2. CROSSBAR SYSTEM. 

In the step-by-step system, wiping 
contacts are used and constant wear 
results. A wiper may have to sweep over 
as many as nine contacts to reach the 
required one. Wiping contacts are elimi- — 
nated in the crossbar system by mount- 
ing a pair of contacts at each position 
in a bank of connections. To make a 
connection between contacts it is only 
necessary for a simple mechanical move- 


(iii) 


(iv) 


(vi) 
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Fic.18-8 Schematic diagram of crossbar switch 
unit. 


ment to press the paired contacts to- 
gether. 

A single 200-point crossbar switch unit 
is shown schematically in Fig. 18-8. It 
consists of 5 horizontal selecting bars and 
20 vertical holding bars mounted in 
parallel planes in an upright frame. The 
5 selecting bars may be rotated or twisted 
in either of two directions by means of 
electromagnets, two magnets being asso- 
ciated with each bar. Two pairs of 
contacts are mounted at each of the 100 
junctions of the horizontal and vertical 
bars. These contacts may be pressed 
together to make an electrical connection 
at any intersection by rotating the correct 
selecting bar through a small are and 
then actuating the proper holding bar. 
The contacts associated with the 20 
holding bars are connected to 20 party 
lines while the contacts associated with 
the 5 selecting bars are connecting to 10 
trunk lines. Thus, any of the 20 party 
lines may be connected to any of the 10 
trunk lines by energizing one of the 
holding bar magnets and one of the 
selecting bar magnets. 

The mechanical arrangement of the 
selecting bars, holding bars and con- 
tacts at each junction is shown in Fig. 
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18-9. A selecting finger, made of wire, 
projects in a horizontal direction at right 
angles to the selecting bar. One end of 
the finger is mechanically coupled to the 
selecting bar while the other end normally 
lies between the two pairs of electrical 
contacts. When the selecting bar is 
rotated through a small are by one of its - 
electromagnets, the selecting finger is 
moved up or down to lie across one 
U-shaped metal connecting strip which 
is normally held away from the two 
contact points by spring action. If now 
the electromagnet which controls the 
holding bar is energized, the holding bar 
presses the connecting strip against the 
contacts thus connecting the contacts. 
At those junctions where the finger 
had not been previously actuated by the 
selecting bar, the holding bar merely 
forces the finger into the space between 
the strips and between the sets of con- 
tacts but does not press against the strips. 

The holding bar is kept in its operating 
position for the duration of the call, but 
the selecting bar returns to normal im- 
mediately after the holding bar has 
operated. This permits all the fingers to 
return to their horizontal positions except 
the one actuated by the holding bar. 
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The selecting bar is then left free for 
another selection with a different holding 
bar. Provision for connecting together 
more party lines and trunks is made by 
interconnecting a number of crossbar 
units. 

The crossbar dial system provides a 
greater flexibility in trunking arrange- 
ments than the step-by-step dial system. 
This is due not only to the simple cross- 
bar switching system described above, 
but also to the marker system of control 
which is used in establishing connections 
throughout the crossbar office. This en- 
ables the circuit to make two or more 
attempts to establish a call over alternate 
switches and trunks when normally used 
paths are all busy. It is also arranged to 
detect short-circuited, crossed, grounded 
and open-circuited conditions at all vital 
points. Before the components are re- 
leased from a connection, the circuit is 
checked to ensure that the connection 
has been properly established. When 
faults are detected an alarm is sounded 
and the location and nature of the trouble 
are indicated. The operating time of the 
markers is considerably less than one 
second so that only three or four markers 
of each type are required in an average 
office. 

F. Protection 

To protect the switchboards and asso- 
ciated equipment from damage which 
might otherwise result from lightning or 
from accidental contacts between com- 
munications circuits and high-voltage 
power lines, protectors are placed in lines 
coming in to telephone centrals from the 
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outside. Protective devices are of three 
principal types: open-space cutouts, fuses 
and heat coils. Open-space cutouts and 
heat coils operate to connect the pro- 
tected wire to ground while fuses open 
the wires in which they are inserted. 
Each of these protective devices is de- 
signed so that, for the particular situa- 
tion in which it is used, it will be suffi- 
ciently sensitive to operate before the 
plant which it is protecting is damaged 
but not so sensitive as to cause an un- 
necessary number of service interrup- 
tions. The standard form of open-space 
cutout is shown in Fig. 18-10. It consists 
of two carbon blocks having a separation 
of a few thousandths of an inch, one of 
which is connected to ground and the 
other to the wire to be protected. One 
of the carbon blocks is much smaller 
than the other and is mounted in the 
centre of a porcelain block. When the 
voltage on the wire becomes dangerously 
high, the wire is grounded by arcing 
across the small air gap between the 
carbon blocks. If considerable current 
flows, enough carbon will be drawn into 
the gap by the arc to cause permanent 
grounding. When a telephone conductor 
is grounded by the action of an open- 
space cutout, current will continue to 
flow through the conductor to ground 
as long as the exposure continues. This 
current may be large enough to damage 
the conductor or the protective device. 
It is thus necessary to insert on the line 
side of the cutout a device that will open 
when the current is too large. Fuses are 
used for this purpose. 
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Finally, it is frequently necessary to 
protect telephone apparatus against ex- 
ternal effects in which the voltage is not 
high enough to operate the cutout or the 
current high enough to operate the fuse. 
Such currents, which will damage equip- 
ment if allowed to flow over a long period 
of time, are called sneak currents and are 
guarded against by the use of heat coils. 
A heat coil (Fig. 18-11) consists of a 
small coil of wire wound around a copper 
tube. It is connected in series with the 
wire to be protected. A metal pin is 
inserted within the copper tube and held 
in place by a piece of solder with a low 
melting point. The pin is connected to 
the line side of the coil. If sufficient 
current flows through the coil to melt the 
solder, the pin will move under the pres- 
sure of its mounting spring and thus 
connect the line to ground. A method 
of mounting heat coils and open-space 
cutouts on the protector frames at cen- 
tral offices is illustrated in Fig. 18-12. 


G. Plugs, Jacks and Cords 


Plugs, jacks and cords are widely used 
in telephone and telegraph equipment as 
a means of performing switching opera- 
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F1c.18-13 Cut-away section of a two-conductor 
telephone plug. 
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tions rapidly and with a maximum of 
flexibility. The mechanical and electrical 
features of a two-conductor plug are 
shown in Fig. 18-13. The plug consists 
of a central brass rod ending in a round 
tip. A brass sleeve surrounds the rod for 
most of its length and is insulated from 
the rod and tip by a bakelite bushing. 
Connection is made to the rod and sleeve 
by means of brass screws. A bakelite 
handle surrounds the connecting unit 
and facilitates handling the plug. 

A three-conductor plug and jack 
assembly is shown in Fig. 18-14. The 
jack consists of a metal frame with a 
brass sleeve fastened to the front face. 
Spring contacts and auxiliary contacts 
are insulated from each other and mounted 
on the frame. When the plug is inserted 
into the jack, electrical connection is 
made from the three conductors to the 
sleeve, ring and tip contacts of the jack. 
Auxiliary contacts may be mounted in 
such a way as to open or close other 
circuits when the plug is inserted. The 
construction of a common type of three- 
conductor switchboard cord is shown in 
Fig. 18-15. Cords, plugs and jacks of the 
type described above are used in manual 
switchboard installations of the type 
shown in Fig. 18-4. 


H. Switchboard Keys 


A telephone key is a type of switch 
specially adapted for use in telephone or 
telegraph circuits. Such a key may per- 
form the same circuit functions as a 
double-pole double-throw knife switch as 


Fic.18-14. Three-conductor telephone plug and 
jack assembly. 
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shown in Fig. 18-16. The key-type con- 
struction permits contacts to be made 
or broken by means of carefully adjusted 
German silver springs. Contact metal 
is welded to the springs to. prevent 
excessive resistance from being intro- 
duced into the circuit. The ringing keys 
referred to in Fig. 18-4 are usually of 
this type. 

Fig. 18-17 illustrates a key assembly 
widely used in the operation of switch- 
board circuits. It is constructed on the 
unit principle which permits one or more 
key spring units to be mounted on a 
standard metal base. Additional con- 
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tacts may be included in the assembly for 
opening or closing auxiliary circuits along 
with the main circuits. 

18.4 Telegraph circuits. Communica- 
tion by telegraph depends upon the 
transmission of electrical signals arranged 
according to a code. These signals are 
formed by interrupting or reversing the 
direction of a continuous current in 
accordance with the signal code used. 
When the key is closed at the transmitting 
station current is sent out to the line. 
The circuit is then said to be producing 
a mark and this condition is called 
marking. When the transmitting key is 
released, the current in the line is cut off 
(or reversed in certain systems)and the 
circuit is said to be producing a space. 
This condition is called spacing. 

Wire telegraph systems may be divided 
into two categories, carrier circuits and 
d-e circuits. Carrier telegraph facilities 
operate in the voice-frequency range and 
are generally used for long-distance com- 
munication on land lines. D-c circuits 
are used for short-distance and branch- 
line circuits. 


A. Repeaters 


The limiting length of a land line is 
reached 
(i) when the signal becomes so weak as 
to be incapable of actuating the 
receiving apparatus 
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Fig.18-17 Universal key assembly. 


(ii) when the waveshape is modified so 
that the time distortion of the 
signal impulses is excessive 

(iii) when the received signal strength is 
too low to over-ride the interference. 

Usually the circuit can be extended by 
inserting a repeater before the limiting 
length is reached. In d-c telegraphy, 
such a repeater involves the reception of 
signals by means of a relay and automatic 
re-transmission using a local source of 
energy. In earrier telegraphy the re- 
peater either ‘converts the signals to 
direct current before re-transmission or, 
in the case of a valve repeater, amplifies 
the voice-frequency signals without con- 
version. 


B. Single and Duplex Operation 
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to one direction over a circuit at one 
time is known as single or half-duplex 
operation. When such a system is used, 
the receiver may not begin to transmit 
signals until the sender has terminated 
his transmission. With this type of 
operation, however, a break feature is 
usually provided to enable the receiver 
to stop the sender. A circuit in which 
independent transmission paths are pro- 
vided for the two directions of transmis- 
sion is known as a duplex or full-duplex 
circuit. A duplex system makes it pos- 
sible to transmit signals in both direc- 
tions over the loop at the same time 
without interference. 


C. Neutral and Polar Operation 


A d-c neutral circuit is one in which 
current flows through the line from the 
transmitting station to the receiving 
station during the mark condition and 
no current flows during the space condi- 
tion. An elementary d-c neutral tele- 
graph circuit is shown in Fig. 18-18. The 
line current is provided by a battery at 
one point in the line. Marking and spac- 
ing are effected by a hand-operated key 
at each end of the line for single trans- 
mission. The line may consist of a single 
wire with ground return, as shown, or of a 
pair of wires. 

A d-c polar circuit is one in which the 
current flows in one direction through 
the line during the mark condition and 
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- F1g.18-18 Elementary neutral telegraph circuit. 
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reverses during the space condition. 
Approximately equal currents flow in the 
two directions. This system requires two 
line batteries as shown in Fig. 18-19. A 
polar receiving relay is required at the 
receiving end of the line. The armature 
of this relay must move to the mark 
position for current flowing through it 
in one direction and to the space position 
when the current reverses. 

A double-current system, such as the 
polar circuit just described, is less affected 
by changes in insulation resistance than a 
single-current or neutral system. The 
leakage currents passing through a neu- 
tral relay tend to keep it energized at 
all times, even when sending a space. 
Thus, the relays must be adjusted to 
operate on changes in the magnitude of 
the current. As the line leakage changes 
with changes in the weather, the marginal 
operation of the relay must be con- 
tinually adjusted. No such adjustments 
are required in equipment operating on a 


Station A 
Line battery 


il 
7 CoE |r 


wl 


= Line battery 


h 


Polarential relay 


Bias battery 


polar basis to compensate for varying 
weather conditions since the operation 
of the relay depends upon changes in 
direction of line current rather than 
changes in magnitude. For this reason, 
the operating range of a polar circuit is 
considerably greater than that of a cor- 
responding neutral circuit provided with 
an adjustable receiving relay. 


D. Polarential Operation 


A polarential system is one which com- 
bines some of the features of both polar 
and neutral operation. It permits true 
polar operation from the central office 
to an outlying point and a modified 
polar operation in the reverse direction. 
Thus the advantages of polar transmis- 
sion are secured and at the same time the 
equipment required in the outlying office 
may be simplified. The essential com- 
ponents of a polarential telegraph circuit 
are shown in Fig. 18-20. 
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Fic.18-20 Polarential telegraph circuit. 


LINE COMMUNICATIONS 


Relay contacts 


Soft-iron armature 


from line 


Direction of 
electron flow 


Permanent magnet Soft-iron yoke 


Fic.18-21 Operation of polar relay. 


(central office) to station B (outlying 
office) the line is always grounded at 
station B and normal polar operation is 
employed. The two line batteries at A 
alternately provide equal currents in 
opposite directions for the mark and 
space conditions. Transmission from B 
to A in the mark position is accomplished 
by connecting the line to ground at sta- 
tion B. The armature of the polar re- 
ceiving relay at A is held in the mark 
position by current through a bias wind- 
ing on this relay. The effect of this 
current on the receiving relay is to 
oppose and overcome the effect of the 
current supplied to the line by the line 
battery at A. When the transmitting 
key at B is put to the space position, the 
line batteries at A and B are connected 
in series. The effect of the increased line 
current on the receiving relay is to over- 
come the effect of the bias current and 
move the receiving armature at A to the 
space position. 


E. Polar Relays 


A polar relay is a relay which responds 
to changes in direction of current rather 
than to changes in magnitude. Fig. 18-21 
shows in diagrammatic form one type of 
polar relay. It consists of a horseshoe- 
shaped yoke of soft iron on which the 
relay windings are located. Inside the 
yoke a polarizing permanent magnet is 
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placed. A soft-iron armature completes 
the magnetic circuit. One end of the 
armature is pivoted at the upper end 
of the permanent magnet while the other 
end is free to move to either side of the 
air gap between the poles of the yoke. 
In the absence of any current through the 
winding, the magnetic flux of the perma- 
nent magnet is free to divide equally 
through the two halves of the soft iron 
yoke and there is equal chance that the 
armature will rest in the left or right 
position. If now, the line current flows 
through the winding as illustrated, the 
magnetic flux due to this current is 
added to that of the permanent magnet 
in the left branch of the yoke and opposes 
the flux in the right branch. The arma- 
ture is therefore drawn to the left to 
bridge the air gap as shown. When the 
line current reverses the flux is greater 
in the right yoke and the armature moves 
to the right. 

Another type of polar relay called a 
differential polar relay is shown in Fig. 
18-22. While different structurally, the 
theory of operation of this relay is simi- 
lar to that of Fig. 18-21. The permanent 
magnet is of the horseshoe type and is 
placed around the outside of the coil. 
The coil windings are suspended between 
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the sides of the magnet. A soft-iron 
magnetic yoke surrounds the coil and 
completes the magnetic path of the 
horseshoe magnet. A soft-iron armature 
is suspended inside the coil and is free 
to move in the air gap between the pole 
pieces of the yoke. 

In the absence of line current through 
the coil windings, the magnetic flux of 
the permanent magnet is distributed 
through the magnetic circuit as indicated 
by the solid lines and arrows. Equal 
forces are exerted on both sides of the 
armature. When electrons flow through 
the coil as indicated in Fig. 18-22, addi- 
tional magnetic flux is set up through the 
soft-iron yoke as shown by the dotted 
lines. As a result, the total magnetic 
flux is increased from B to A and from 
C to D. The fiux is decreased from B to 
C and from E to D. The armature is 
therefore drawn toward the left to com- 
plete the magnetic circuit from A to C. 
If the current through the coil is re- 
versed, the armature is drawn to the 
right. An extra winding may be included 
in addition to the line winding to pro- 
vide a biasing effect as explained for 
polarential operation. 

18.5 Increasing telegraph traffic. To 
ensure reliable service, it is common 
practice to place important long-distance 
telegraph conductors inside a metal 
sheath. Metallic telegraph systems make 
use of this type of cable construction as 
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opposed to open-wire construction with 
ground return. Several channels are 
usually provided by superimposing tele- 
graph messages on cable pairs already 
carrying telephone speech currents. The 
cable conductors are very close together, 
are provided with repeaters and are 
loaded to extend the useful length of the 
line. To prevent interference with the 
telephone traffic, telegraph currents and 
voltages are maintained at a much lower 
level than those used on lines carrying 
only telegraph signals. Line currents of 
4-5mA are used in metallic telegraph 
systems as compared to values of 30- 
60mA in an ordinary installation. More 
sensitive relays than those descrived in 
the preceding sections are required for 
metallic systems. 


A. Simplexed Circuits 


Three methods are commonly used to 
provide simultaneous telegraph and tele- 
phone service over the same line wires: 

(i) the simplexed circuit 

(ii) the composite arrangement 
(iil) carrier systems. 
Carrier systems are discussed in a later 
section. In a s¢mplexed circuit, one wind- 
ing of a repeater coil or transformer is 
connected across the line pair and a point 
midway between the coil terminals of 
this line winding is connected to the 
telegraph equipment as shown in Fig. 
18-23. 
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Fig.18-23 Simplexed circuit. 
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Fic.18-24 Circuit for compositing telephone 
and telegraph signals. 


Telephone communication takes place 
by means of alternating currents at voice 
frequencies coupled into the line through 
the transformers. The telegraph signals 
consist of d-c impulses impressed upon 
the line simultaneously with the tele- 
phone signals. With reasonably good 
impedance balance between the two 
wires of the pair, the telegraph current 
divides approximately equally between 
the two wires and there is little inter- 
ference with the telephone transmission. 
The telephone currents do not introduce 
any material voltage into the telegraph 
circuit since they are transmitted as a-c 
signals on a two-wire system. 


B. Composited Circuits 


The compositing method for deriving 
d-c telegraph circuits from wires used for 
telephone service is based on frequency 
discrimination, or filtering which is a 
method of selecting the desired elec- 
trical frequencies and rejecting others. 
A composite set, shown schematically in 
Figure 18-24, consists of a retardation 
coil and capacitors, and provides a low- 
pass filter (approximately 0-80 c/s) for 
telegraph currents and a high-pass filter 
for the telephone currents. The com- 
positing method has the advantage of 
providing two telegraph channels from 
a pair of wires used for telephone service. 
Compositing is usually applied to open 
wires in order to derive as many d-c 
facilities as possible. Generally, the 
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effect of leakage is less on composited 
circuits than it is on simplexed circuits. 

18.6 Telegraph transmission prin- 
ciples. In telegraph transmission, we are 
concerned with the reproduction of the 
transmitted telegraph message at the 
receiving end at a satisfactory rate, with- 
out error and without interference to 
other services. The characteristics of the 
circuits are such that the transmitted 
signals are not always reproduced ac- 
curately at the receiving end. Telegraph 
signal transmission is accomplished on a 
two-current basis, that is, by transmit- 
ting impulses of steady current in one 
direction (marks) interspersed by inter- 
vals of no current (spaces) in the case of 
neutral operation and by transmitting 
impulses of current in one direction 
interspersed by reversals of current in the 
case of polar operation. In either neutral 
or polar operation, there is a change from 
one current condition to another, that is, 
from mark to space or vice versa and 
this change is known as the transition. 
The change of current from the marking 
to the spacing condition, or vice versa, 
can be plotted with respect to time and a 
waveshape diagram produced. These 
waveshapes are an important aid in the 
study of telegraph transmission. 


A. Waveshapes in Neutral 
Telegraph Systems 


In any neutral telegraph circuit, if the 
time required for the direct current to 
establish itself and to decay could be 
ignored, the waveshape for the letter A 
in the Morse Code would be as illus- 
trated in Fig. 18-25 (a). In practice, 
every telegraph circuit has some series 
inductance; each line relay adds some 
inductance and, in the case of composited 
circuits, each retardation coil adds more 
inductance. The waveshape with series 
inductance present is represented by 
Fig. 18-25 (b). Each current pulse has a 
sloping curve from zero to maximum at 
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the closing of the key and from the 
maximum value to the point where the 
arc is broken at the opening of the key. 
If, in addition, the effect of capacitors is 
considered, there is a further sloping of 
the pulse as shown in Fig. 18-25 (c). 
The shaded portion represents the effect 
of the circuit capacitors over and above 
the effect of the inductances. Telegraph 
relays normally have two windings, an 
‘ operating winding which, when energized, 
closes the relay and a bias winding which 
holds the relay open in the absence of 
current in the operating winding. The 
value of current in the bias winding is 
usually half that of the line current which 
flows through the operating winding. 
Thus, when the key is closed, the value 
of the current in the operating winding 
rises to a point where it overcomes the 
effect of the bias winding and moves the 
relay armature from the space to the 
mark position. Similarly, when the key 
is opened, the current in the operating 
winding must fall below the bias current 
before the relay armature moves back 
to the space position. The relay operat- 
ing points on a waveshape occur during 
the transition periods, known as the 
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space-to-mark (abbreviated S-M) transi- 
tion and the mark-to-space (abbreviated 
MGS) transition. At the instant the key 
is closed, the line current starts to rise 
in the receiving relay but does not reach 
the relay operating point until a few 
milliseconds later. This means that there 
is a delay between the closing of the 
sending key on an S-M transition and 
the operation of the receiving relay This 
is called the space-to-mark transition 
delay and is abbreviated S-MTD. Ina 
similar manner, when the sending key is 
opened, the line current in the receiving 
relay does not become zero instantane- 
ously and the armature is held on its 
marking contact until the line current 
falls to a value below the bias current. 
This time delay is called the mark-to- 
space transition delay and is abbreviated 
M-STD. The magnitude of these delays 
ranges from a fraction of a millisecond to 
several milliseconds; the occurrence of 
transition time delays is illustrated dia- 
gramatically in Fig. 18-26. 

The S-MTD and the M-STD are de- 
termined entirely by the characteristics 
of the circuit and, though the two delays 
may not be equal, each transition delay 
is always a constant for any given circuit 
under any given set of adjustments. 
Each mark, regardless of its length, must 
start with an S-M transition and end 
with an M-S transition. The S-MTD 
cuts off the beginning of each mark im- 
pulse and the M-STD adds to the end 
of each mark impulse. If the two detays 
are equal, the length of the mark impulse 
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is unchanged by transmission over the 
circuit. Each space, regardless of its 
length, begins with an M-S transition 
and ends with an S-M transition. The 
M-STD cuts off the beginning of each 
space and the S-MTD adds to the end 
of each space. Thus, the S-MTD and 
the M-STD have opposite effects on the 
space and the mark. If the two delays 
are equal, the length of each space will 
be unchanged by transmission over the 
circuit. The transmission is considered 
to be perfect if the received marks and 
spaces are exactly the same length as 
the transmitted marks and spaces; other- 
wise, the transmitted signal is said to be 
distorted. 


B. Bias Distortion 


The requirement for perfect transmis- 
sion is that the S-MTD be equal to the 
M-STD. If the M-STD is greater than 
the S-MTD, all marks will be lengthened 
and all spaces will be shortened. This 
condition is known as marking or posi- 
tive bias. If the S-MTD is greater than 
the M-STD, all marks will be shortened 
and all spaces will be lengthened. This 
condition is known as spacing or negative 
bias. Since the S-MTD and the M-STD 
are measured in milliseconds, the differ- 
ence between the two is often referred 
to as millisecond bias. This bias will be 
constant for any given circuit and is 
given by the formula 

millisecond bias = M-STD — S-MTD 

The effect on transmission of a given 
millisecond bias varies with the lengths 
of the marks and spaces transmitted. As 
an example, consider a manual telegraph 

_circuit where the dashes (long marks) 
are three times as long as the dots (short 
marks). As the speed of transmission 
increases, the lengths of the dots and 
dashes decreases. With a slow trans- 
mission speed, dots 30 msec. long and 
dashes 90 msec. long may be assumed. 
If the circuit has a positive millisecond 
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Fig.18-27 Effect of relay bias current on signal 
length. 


bias of 10 msec., the dots will be 40 msec. 
long and the dashes 100 msec. long at the 
receiving end. The signal will still be 
readable since the 3:1 ratio has been 
approximately maintained. Under con- 
ditions of fast transmission, where the 
dots are 5 msec. long and the dashes are 
15 msec. long, the same positive milli- 
second bias of 10 msec. will make the 
dots 15 msec. long and the dashes 25 
msec. long. Difficulty will now be ex- 
perienced in reading the signal since the 
dashes are now less than twice as long 
as the dots. The waveshape of a typical 
mark impulse in neutral operation with 
a line current of 60mA is shown in 
Fig. 18-27. The horizontal lines A, B 
and C represent different values of relay 
bias currents. The relay operating and 
releasing points (designated by heavy 
dots) are indicated for these three values 
of bias current. When the normal bias 
current of 30mA (line B) is used, the 
length of the mark signal is that indi- 
cated by 7,. It is seen that increasing 
the relay bias current increases the 
S-MTD and decreases the M-STD thus 
producing spacing bias. A reverse con- 
dition results from lowering the relay 
bias current and gives rise to marking 
bias. The same effect as that obtained 
by raising the bias current, which shifted 
the relay operating points to the narrow 
part of the wave, is obtained by de- 
creasing the line current while holding 
the bias current constant. Increasing the 
line current, which effectively shifts the 
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relay operating points to the broader 
part of the wave, gives rise to the same 
condition as decreasing the bias current. 
Thus, a decrease in line current in a 
neutral system produces spacing bias 
while an increase in line current pro- 
duces marking bias. 


C. Waveshapes in Polar 
Telegraph Systems 


In a polar circuit, the sending relay 
connects a negative voltage to the line 
for the marking condition and a positive 
voltage to the line for the spacing condi- 
tion. The resistance at the sending end 
is adjusted so that the line current has 
a steady state value of +35mA for mark- 
ing and —35mA for spacing. In polar 
circuits, as in other circuits, the change 
of the line current from marking to spac- 
ing and from spacing to marking is de- 
layed because of the line inductance and 
capacitance and the capacitance between 
the line and ground. The M-S transition 
and the S-M transition are gradual 
changes as shown in Fig. 18-28. The 
fact that the M-S and the S-M wave- 
shapes are identical in form is a valuable 
feature of polar operation. However, to 
obtain full advantage of this feature, the 
relay operating points must be symmetri- 
cally located with respect to the zero 
current line on the waveshape. If the 
relay operating points are the same dis- 
tance on each side of the zero current 
line, the S-MTD and the M-STD will 
be equal and there will be no bias in the 
received signal. Thus, undistorted polar 
transmission depends on the following 
three conditions: 


(i) that equal and opposite potentials 
be applied at the sending end of the 
circuit 

that the resistance of the circuit 
remain constant for both positions 
of the sending relay armature 

that the operating points of the 
relay be located symmetrically about 


(ii) 


(iii) 
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Fic.18-28 Signal wave shapes in polar tele- 
graph circuits (a) Effect of equal line currents 
and symmetrically located relay operating points 
(b) Effect on signal lengths of unequal polar line 
currents. 


the zero current line of the wave- 
shape diagram in order that equal 
transitions will be secured. 


D. Characteristic Distortion 


Thus far, a transition has been assumed 
to start when the line current is at the 
steady-state marking or spacing condi- 
tion. However, there are situations 
where the start of the transition does not 
occur when the line current is at its 
steady-state value. In practice, the time 
required for the current to change from 
one steady-state condition to the other 
is sometimes greater than the minimum 
time interval between the transitions in 
the signals. Some transitions must then ° 
occur while the line current is in the 
process of changing from the previous 
transition. Such conditions are shown 
diagramatically in Fig. 18-29. These 
transitions have a different delay time 
from the transitions starting when the 
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Fic.18-29 Changing current transitions (a) 
Changing current mark-space transition (b) 
Changing current space-mark transition. 


line current is in the steady state condi- 
tion and must therefore be distinguished 
from them. The amount of changing 
current transition delay is dependent 
upon the value of the line current at the 
start of the transition. The value of the 
line current is, in turn, dependent upon 
the time interval between, the changing 
current transition under discussion and 
the previous transition which started the 
line current to change. Since the time 
interval between these two transitions 
is equal to the length of the sent im- 
pulse, it is the impulse length which 
finally determines the transition delay 
under a given set of conditions. Thus, 
the lengths of the received signal im- 
pulses are affected by the presence of 
changing current transitions. This 
phenomenon is known as characteristic 
distortion. Fig. 18-30 shows characteris- 
tic distortion effects at various speeds of 
operation. 

The magnitude of the characteristic 
distortion is inversely proportional to the 
length of the sent impulses and the nature 
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_ Fie.18-30 Effect of characteristic distortion on 
signals of various durations. 


of the distortion is to shorten the re- 
ceived short impulses. An opposite effect 
is also possible. The characteristics of 
the circuit may be such that the line 
current tends to increase momentarily 
at the completion of each transition to a 
value greater than the steady state 
owing to transient effects. If the next 
transition occurs at such an instant, the 
transition delay is greater than the delay 
on the preceding transition; this causes 
the received mark or space signal to be 
lengthened. This effect is called positive 
characteristic distortion. However, as the 
transient effect causes the line current to 
oscillate around the steady state, it is 
possible that the next transition might 
occur when the line current is below its 
steady state value. Thus, transient con- 
ditions may cause either positive or 
negative characteristic distortion. Positive 
characteristic distortion is not often en- 
countered, however. 


E. Comparison of Characteristic and Bias 
Distortions in Polar Circuits 


The comparison of characteristic dis- 
tortion and bias distortion in polar 
circuits follows. 

(i) Characteristic distortion is related 
to the amount and arrangement of 
the capacitance, inductance and re- 
sistance of a circuit. Except in 
neutral systems, these factors do not 
affect the amount of bias distortion. 
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(ii) Bias distortion is caused by unequal 
marking and spacing line currents 
and biased relays; these conditions 
do not affect characteristic distor- 
tion. 
Characteristic distortion, because it 
is caused by the capacitance, induc- 
tance and resistance of a circuit, 
which, except for resistance, are 
unchanging in value, varies only a 
small amount from day to day on a 
given circuit. Bias distortion, be- 
cause it is caused by unbalanced 
voltages, ground potentials and 
relays out of adjustment, may vary 
from hour to hour on a circuit. 

The effect of characteristic distor- 

tion depends upon the length of the 

impulses transmitted. The effect 
of bias distortion is independent of 
the length of the impulses. 

(v) For a given length of impulse, the 
effect of characteristic distortion is 
independent of whether it is a 
marking or a spacing impulse. The 
effect of bias distortion is always 
opposite on a marking impulse to 
what it is on a space. 


(iii) 


(iv) 


F. Fortuitous Distortion 


The form of distortion caused by such 
factors as powerline induction, momen- 
tary battery fluctuations and other spo- 
radic effects which displace miscellaneous 
received transitions by various amounts 
intermittently is known as fortuitous 
distortion. At times, this effect may be 
large enough to produce a complete 
failure of the circuit. In the transmission 
of miscellaneous signals, the combined 
effect of characteristic and fortuitous 
distortion on the received transitions is 
sometimes known as jitters. 

18.7 Loading. One of the major prob- 
lems encountered in communication by 
land lines is that of transmitting signal 
currents over long distances without ex- 
cessive attenuation or distortion. These 
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effects are often the deciding factor in 
determining whether or not the signal 
can be accurately reproduced at the re- 
ceiving terminals. The total attenuation 
at a given frequency depends on 

(i) the length of the circuit 

(ii) the attenuation per unit length 
the energy transfer at the two ends 
of the circuit and at any junctions 
of dissimilar sections 
energy losses of the apparatus that 
may be associated with the circuit. 
If the circuit is long enough, the total 
loss tends to become so great that the 
energy reaching the distant end is in- 
sufficient to operate the terminal appara- 
tus. It should also be remembered that 
the transmission of the required volume 
of energy is not the only consideration. 
Currents of different frequencies are 
attenuated unequally as they pass along 
the circuit and distortion results, Thus, 
there is a complex relation between the 
various physical characteristics of a land 
line which determines its efficiency for 
telegraph or telephone transmission. The 
application of lene loading is widely used 
in solving these problems of long distance 
wire communication. Line loading makes 
certain improvements in the transmis- 
sion efficiency of the circuit through one 
or more of the following effects: 


(111) 


(iv) 


(i) a reduction of the attenuation per 
unit length of the circuit 
(ii) a more even attenuation of the 
various frequencies within the band 
of frequencies to be transmitted, 
thereby reducing distortion 
(iii) a more nearly constant characteris- 
istic impedance for the frequencies 
within the band to be transmitted, 
a consideration which is most im- 
portant in the satisfactory operation 
of repeaters but also of some impor- 
tance in considerations having to 
do with the termination of the 
circuit. 
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A. Mechanical Analogy of Loading 

Telephone and telegraph transmission 
deals with the propagation of electric 
waves along transmission lines. While 
the problems associated with transmis- 
sion lines are adequately explained by 
mathematical analysis, the physical con- 
cepts of wave propagation and loading 
are also helpful in understanding these 
problems. 

Fig. 18-31 (a) shows a mechanical wave 
motion being propagated along a very 
long string, the energy being supplied 
by the vibration of a tuning fork. As the 
wave proceeds along the string, the am- 
plitude decreases and the wave dies out. 
The dissipation of energy along the string 
is called attenuation. If a heavier string 
is substituted, as indicated in Fig. 
18-31 (b), the wave is propagated farther 
along the string or is less attenuated. 
If it is undesirable to increase the weight 
of the string uniformly along its length, 
the same effect may be obtained by 
placing many small weights, equally 
spaced, along the string as shown in 
Fig. 18-31 (c). It is found that increasing 
the effective weight of the line reduces 
the wavelength and velocity of propa- 
gation. 

Further experimenting with tuning 
forks of various frequencies shows that 
there is a minimum number of these 


tiny weights required in each wavelength 
of line. If the frequency of the wave 
propagation is increased, the wavelength 
is decreased and the number of weights 
per unit length of line must also be 
increased. For a given number of weights 
per unit length of line, there is a critical 
upper frequency above which transmis- 
sion will not take place. 

Adding weights to a string to increase 
its mechanical inertia is analogous to 
adding series inductance to a trans- 
mission line to increase its electrical 
inertia. The weights oppose sudden 
changes in motion of the line while the 
inductance opposes sudden changes in 
current. Loading coils are inserted at 
regular intervals along long-distance tele- 
phone and telegraph lines to reduce 
attenuation and extend the useful length 
of the line. From the behaviour of the 
loaded string, it may be concluded that, 
on a loaded circuit, the loading coils must 
be spaced so that there are several in 
each wavelength of any frequency that 
it is desired to transmit. Thus, loading 
suitable for a transmission of 1000 c/s 
is not necessarily suitable for a trans- 
mission of 3000 c/s since the wavelength 
at 3000 c/s will be considerably shorter 
than at 1000 c/s. Accordingly, the 
number of loads per wavelength is 
reduced and the load coil, instead of 
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aiding the transmission, hinders it just 
as scattered heavy weights would hinder 
the transmission of the mechanical wave 
along the string. The velocity of the 
waves must be large enough so that each 
wavelength passes over approximately 
nine coils. If the proper number of 
coils is not encountered, the losses in- 
crease rapidly and cut-off follows. 


B. Loading Coil Design and Practices 


In the design and manufacture of the 
various types of loading coils used on 
long distance lines, there are a number 
of requirements other than merely pro- 
viding a specified inductance value. 
Loading is effective in reducing attenua- 
tion only when the increase in the 
alternating-current resistance of the cir- 
cuit is held within certain limits. A 
loading coil should, therefore, have 
minimum resistance and minimum losses 
in its core. The inductance of each coil 
must be accurately divided so that one 
half of the inductance is inserted in each 
wire of the circuit to maintain circuit 
balance. This requirement is very exact- 
ing and unless the two windings of the 
coil are identical in every respect, noise 
and crosstalk will result. Fig. 18-32 
illustrates a method of winding coils to 
give a high degree of balance. Loading 
coil cores are generally toroidal in shape 
and made of a low-loss magnetic material 
such as permalloy or molybdenum- 
permalloy. The magnetic material is 
first powdered, then mixed with shellac 
to insulate each particle and _ finally 
pressed into solid rings. This process 
gives the coils a high degree of magnetic 
stability. The coils are mounted in 
welded steel pots of standard sizes. The 
following considerations are fundamental 
to good loading practice. 

(i) In connecting the loading coil, care 
must be exercised to prevent reversal 
of one winding thereby neutralizing 
the inductance of the coil. 
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(ii) The inductance values of loading 
coils should not vary by more than 
2% where the circuit is used in 
connection with telephone repeaters. 
The loading coil spacing should be 
accurate to within 2% where the 
circuit is used in connection with 
telephone repeaters. 

To prevent loading coil magnetiza- 
tion, the line current used for tele- 
graph operation should not exceed 
the specified limits for the particular 
type of loading. 


(iii) 


(iv) 


C. Coil Spacing 


Another important aspect of loading 
is the spacing of the coils. These coils 
must be close enough together so that 
the effect of distributed inductance will 
be obtained. Capacitive reactance de- 
creases and inductive reactance increases 
with an increase in frequency; lumping 
the inductance tends to increase this 
effect. On a line with uniformly distribu- 
ted constants, current passes from the 
positive wire to the negative wire through 
the small capacitive elements distributed 
along the wire, whereas, in the simulated 
T-network this passage of current can 
take place only in the middle of the 
T-sections. Thus, the inductive effect 
is greater than in the uniform line since 
somewhat larger currents flow through 
the inductances and the capacitive effects 
are correspondingly less. The greater 
the number of sections, the less is the 
difference in behaviour between the uni- 
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form line and the network. Since the 
difference is increased with higher fre- 
quency, the coil spacing on loaded 
circuits is so chosen that the change 
produced by frequency over a given 
range does not differ greatly from the 
effect that would be produced on a 
continuously loaded circuit of the same 
average line constants. The value of the 
loading inductance is thus a factor in 
determining the spacing, or, for any 
chosen standard spacing, the distance 
between coils is a factor in determining 
the inductance values of the coils. 


D. Critical Frequency 


A band of frequencies between 200 and 
2700 c/s will transmit telephone conver- 
sations with adequate fidelity and intelli- 
gibility. Where a uniformly loaded 
circuit would have an impedance and 
attenuation which might vary little with 
change in frequency, the practical loaded 
circuit, i.e. the simulated network, has 
an impedance and an attenuation 
constant which increase with frequency 
near the upper limit of the voice-frequency 
band. The attenuation rises so rapidly 
that, a few hundred c/s above the upper 
limit, the amount of current passed is 
negligible and the circuit is said to be 
cut off. The critical frequency at which 
cut-off occurs is determined by the 
formula 

6 
fi gil 
arV/ LC, 

= critical upper frequency in 

cycles per second 
L, = inductance of equivalent 
network section in henries 
capacitance of equivalent 
network section in farads. 

The effects of loading on attenuation 
and distortion are not easily explained in 
terms of physical concepts. Mathe- 
matical formulas for the impedance and 
attenuation of transmission lines are 
given in the applied mathematics section. 


where f, 
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_ Fia.18-33 Wire configuration for open-wire 
line carrying voice-frequency side and phantom 
circuits. 


18.8 Circuit facilities. Wire facilities 
used for carrying telephone and tele- 
graph traffic may be classified in several 
ways according to their uses, or on the 
basis of their physical and electrical 
peculiarities. Thus, facilities may be 
classified as toll or local exchange, or they 
may be classified as those transmitting 
voice frequencies and those transmitting 
carrier frequencies, or again, as open- 
wire and cable circuits. 


A. Open Wire 


The majority of long-distance tele- 
graph facilities and some toll telephone 
services are carried on open-wire circuits. 
Prior to the development of satisfactory 
repeaters, open-wire circuits were neces- 
sary for long-distance communication in 
order to keep down the attenuation. 
Open-wire circuits are carried on cross- 
arms as shown in Fig. 18-33. In this 
illustration, each cross-arm carries ten 
wires which are numbered consecutively 
starting with the left hand pin on the top 
cross-arm. The standard wire layout on 
two cross-arms provides for ten side 
circuits and five phantom circuits. <A 
phantom circuit is a method of providing 
an additional circuit over two pairs of 
wires and is applicable to both open-wire 
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and cable circuits. The provision of a 
phantom circuit is made possible by the 
use of a special type of transformer 
known as a phantom repeating coil. In 
Fig. 18-34 the transformers are tapped 
exactly at their electrical centres and, if 
the impedance of each line is the same, 
the currents from the phantom circuit 
divide equally in the coils. Since these 
currents flow in opposite directions 
through the windings, their magneto- 
motive forces neutralize and no flux is 
produced to induce currents in the side 
circuits. Instantaneous directions of 
current flow for a phantom circuit are 
shown in Fig. 18-34. The side-circuit 
currents flow the same as if the phantom 
were not installed. In Fig. 18-33, phan- 
toms are derived from wires 1-4, 7-10, 
11-14, 17-20 and 5-6, 15-16. This last 
group of four wires is called a vertical or 
pole-pair phantom and has somewhat 
different circuit characteristics because 
of the different spacing and configuration 
of the wires. 

Long distance, open-wire circuits are 
not loaded because the electrical charac- 
teristics of these circuits change sc 
markedly with varying weather condi- 
tions. In dry weather, open-wire loading 
is effective in reducing the attenuation 
but due to the increased leakage in wet 
weather, loading actually increases the 
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attenuation. Therefore, in order to 
maintain overall transmission stability, 
the lines are not loaded and the attenua- 
tion is compensated for by the use of 
additional repeaters. 


B. Cable 


Almost all local exchange circuits, a 
high percentage of toll telephone circuits 
and some telegraph circuits are today 
carried in cable. Cable is composed of 
copper conductors insulated with a spiral 
wrapping of dry paper enclosed in a lead 
sheath. A method has been developed 
and has in recent years been extensively 
used for insulating the conductors by 
paper pulp. This has resulted in the 
development of cables capable of carrying 
a very large number of circuit pairs. The 
largest cable in use in congested city 
areas contains 2121 pairs or 4242 con- 
ductors. Additional protection such as 
jute covering and armoured sheathing is 
provided for cables in underground, sub- 
marine or exposed locations. 

Coaxial cables are now extensively 
used for telephone toll circuits. By 
employing carrier techniques, a single 
coaxial cable may be used to transmit 
several hundred telephone conversations 
simultaneously or a single standard tele- 
vision program. The attenuation losses 
in coaxial cables are large at the very 
high carrier frequencies at which they 
are used. As a result, the application 
of coaxial line facilities involves the use 
of high-gain amplifiers spaced at very 
close intervals along the line. As a result, 
the installation cost of coaxial line facil- 
ities is very high but once they are 
installed, the operating costs are con- 
siderably lower than for conventional 
facilities. 


C. Networks and Filters 
In the operation of telephone and 
telegraph circuits, it is frequently neces- 
sary to reduce the voltages and currents 
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Fra.18-35 Principles of carrier operation. 


at various points within the circuits. To 
accomplish this, attenuators and pads 
are inserted; 7 and zm pads are most 
commonly used for this purpose. One 
of the factors tending to decrease the 
intelligibility of telephone conversations 
is the unequal attenuation of currents 
of different frequencies as they pass over 
the circuit. Networks known as attenuator 
equalizers are used to compensate for this 
unequal attenuation. These equalizers 
are usually associated with the repeaters 
in the circuit. An equalizer network 
consists of retardation coils, capacitors 
andresistorsso proportioned and arranged 
that their frequency attenuation charac- 
teristics are complementary to the line 
characteristics that produce the distor- 
tion. Other equalizers are used to reduce 
phase distortion along the line. In 
telephone and telegraph work, it is some- 
times desirable to suppress or eliminate 
currents of undesired frequencies and this 
is accomplished by the use of filters. On 
high, grade circuits, crystal filters are 
often used. 

18.9 Carrier systems. The carrier 
principle is used in both telephone and 
telegraph communication to provide 
independent transmission of several mes- 
sages over a single circuit at one time. 
As in the case of wireless telegraphy and 


telephony, carrier transmission over wire 
circuits is accomplished by impressing 
low-frequency signals on a high-frequency 
carrier. Several carriers operating at 
different frequencies and carrying 
separate signals may be sent over a single 
wire circuit at one time. At the receiving 
end, the carriers are separated from each 
other by frequency filters and the intelli- 
gence impressed on each is recovered in 
a separate channel. Carrier transmission 
is accomplished by 
(i) providing by means of vacuum-valve 
oscillators, or by other means, the 
currents of different selected fre- 
quencies to be used as carriers 
(il) impressing upon each carrier by a 
modulation process, the message 
current from the terminal telephone 
or telegraph station 
separating or selecting the several 
modulated carrier currents at the 
receiving end by means of filters 
separating or restoring from the 
selected carrier current, the original 
message current for transmission 
to the receiving terminal telephone 
or telegraph station. This is a 
demodulation process. 
Fig. 18-35 illustrates the general 
arrangement required for transmission in 
a single direction. If it is desired to 
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transmit in both directions, hybrid coils 
must be inserted between the terminal 
apparatus and the carrier lineand between 
the terminal apparatus and the message 
line as shown in Fig. 18-36. This method, 
however, is rarely used because of the 
inherent balance and crosstalk difficul- 
ties. Practically all modern carrier 
systems operate on a four-wire basis with 
separate carrier channels for transmission 
in the two directions for each circuit. 
Carrier techniques provide both economy 
of circuits and higher quality trans- 
mission. 


A. Low-Frequency Carrier Systems 


Carrier systems which fall into this 
category utilize carrier frequencies up to 
about 30 Ke/s. The two main types of 
systems included in this group are the 
Type B telegraph system and the Type C 
telephone system. 

The Type B telegraph carrier system 
provides for imposing ten two-way tele- 
graph channels on an open-wire telephone 
circuit which may also be composited for 
ordinary grounded telegraph operation. 
Twenty carrier frequencies, divided into 
two groups, are employed; the lower ten 
for transmission in one direction, the 
upper ten for transmission in the other 


direction. The range of frequencies used 
extends from about 3 to 12 Ke/s. The 
separation between carrier frequencies 
ranges from slightly less than 200 c/s at 
the lower end of the range to nearly 1000 
c/s at the upper end. With the carrier 
frequencies grouped for transmission in 
the two directions, separation at terminal 
and repeater points is secured in each 
case by a pair of directional filters, one 
of which passes only frequencies below 
6000 c/s and the other, only frequencies 
above that value. Since only the single 
frequency of the carrier itself is trans- 
mitted over the line, the channel filters 
need only be simple tuned circuits and 
the modulator and demodulator circuits 
may also be relatively simple. 

A second type of telegraph carrier 
system is called the voice-frequency system 
because the carrier frequencies utilized 
are all within the normal voice-frequency 
band. This system is not essentially 
different from the Type B system except 
for the lower frequencies employed. As 
the transmitting medium in this system 
is either actually or effectively a four-wire 
circuit, there is no problem of separating 
the transmitting and receiving channels; 
this allows the same carrier frequencies 
to be used for transmission in both direc- 
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tions. This system provides 12 two-way 
telegraph circuits, employing carrier 
frequencies which are multiples of 85 c/s 
between 425 c/s and 2295 c/s, with an 
adjacent-channel separation of 170 c/s. 

The Type C telephone carrier system 
is designed for long distance circuits and 
operates on open-wire lines. It provides 
three telephone circuits in addition to 
the normal voice-frequency circuit. The 
carrier frequency is suppressed in the 
modulator and only one sideband is 
transmitted over each channel. A 3000 
c/s separation is maintained between 
adjacent channels to permit transmission 
of a sideband about 2500 c/s wide. 
Directional filters are used at terminal 
and repeater points to allow the use of a 
single amplifier for all three channels. 
One thousand cycles per second signalling 
is employed and this ringing current is 
transmitted over the system in the same 
manner as the normal voice-frequency 
currents. In the more recent modifications 
of the Type C' system, push-pull amplifiers 
at repeater points have been replaced by 
negative feedback amplifiers and varistors 
(copper-oxide rectifier modulator units) 
are used in lieu of vacuum-valve 
modulators. 


B. Broad-Band Carrier Systems 


Broad-band carrier systems differ from 
low-frequency systems in that they 
operate through a much wider band of 
frequencies and are capable of providing 
more telephone or telegraph channels per 
system. The Type J system for open- 
wire lines employs a frequency range 
from about 36 Ke/s to 140 Ke/s and 
provides 12 telephone channels over a 
single pair. Since a single pair of wires 
may also carry, in addition to the regular 
voice-frequency channel, the three chan- 
nels of the Type C' system, it is possible 
to have as many as 16 telephone channels 
on a single pair. In general, broad-band 
carrier systems have higher attenuation 


18:29 


losses and are more susceptible to noise 
and crosstalk than low-frequency systems. 

The Type J system does not differ 
greatly from the Type C system except 
that more than one stage of modulation 
and demodulation are necessary in order 
to permit the use of the most desirable 
group of frequencies for the initial chan- 
nel modulation while at the same time 
applying to the line a band of frequencies 
most suitable for transmission. The 
lowest of the 12 carrier channels uses a 
frequency of 64 Ke/s and an adjacent 
channel separation of 4000 c/s is 
employed. This group of carrier channel 
frequencies has been selected primarily 
because high-grade crystal filters can be 
most economically built for operation in 
this general range. Also, it is important 
that the range be high enough so that the 
lowest harmonic of the lowest frequency 
is above the highest frequency in the 
band. Thus, the second harmonic of 
60 Ke/s, the lowest frequency in the 
lower sideband of the 64 Ke/s channel, is 
120 Ke/s, which is well above the highest 
frequency in the upper sideband of the 
highest carrier channel used, 108 Ke/s. 
General design and manufacturing 
economy is achieved by using this same 
group of carrier channel frequencies for 
all broad-band systems. 

After the twelve channel carriers have 
been modulated with the voice frequencies 
and all but the lower sidebands have been 
eliminated by means of appropriate band 
filters, the entire group of resulting 
frequencies, 48 Ke/s in width, is trans- 
lated by an additional modulation process 
to the band of frequencies it is desired to 
transmit over the line. The range of this 
final band depends upon the direction of 
transmission since transmission in both 
directions is carried out over a single 
pair of wires. Transmission in one direc- 
tion occupies the band between 36 Ke/s 
and 84 Ke/s and in the other direction, 
between 92 Ke/s and 140 Ke/s. A band- 
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width of more than 3000 c/s is trans- 
mitted; this is a distinct improvement 
over the 2500 c/s band possible with the 
Type C system. Since the line losses at 
the high frequencies are relatively higher, 
the Type J system requires the use of 
repeaters at considerably closer spacings 
than used in the Type C system. 

The Type K carrier system for use 
with cable facilities, utilizes the same 
types of crystal filters, varistors and 
equalizers as the Type J system but, as 
far as transmission over the line is con- 
cerned, the techniques employed in the 
two systems are quite different. Since 
any practicable method of cable circuit 
loading causes transmission to cut off at 
a relatively low frequency, non-loaded 
cables are used for Type K broad-band 
carrier transmission. Because the at- 
tenuation of non-loaded conductors is 
very high and increases with frequency, 
it is desirable to keep the maximum 
frequency to the lowest possible value. 
Accordingly, the band of frequencies 
selected for transmission in the Type K 
system is that between 12 Kc/s and 60 
Ke/s. By using pairs in separate cables 
for transmission in the two directions, 
only one 48 Ke/s band is required. High- 
gain repeaters must be used at spacings 
of about 16 miles, as compared to average 
spacings of 80 miles used in the Type J 
system and 150 miles used in the Type 
C system. 

Broad-band carrier systems using the 
same initial twelve channels as used in 
the Type J and Type K systems have 
been adapted for use with coaxial cable 
circuits. By spacing high-gain repeaters 
no more than five miles apart, it is pos- 
sible to obtain as many as 500 telephone 
channels from a pair of coaxial cables. 
Coaxial cable circuits are also used to 
carry television programs between cities. 
Because of the relative complexity of the 
terminal equipment and the large number 
of repeaters required, coaxial cable 
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circuits have a very much higher instal- 
lation cost. In recent years, there has 
been a trend toward the use of micro- 
wave radio channels for the purpose of 
telephone multiplex and the cost and re- 
liability of such systems compete favour- 
ably with coaxial cable methods; the 
carrier techniques used in microwave 
radio are similar to those used in coaxial 
land lines. 

18.10 Noise and crosstalk. The intel- 
ligibility of wire communication depends 
on the absence of noise and crosstalk. 
If each communication circuit were 
completely isolated from all other 
electrical circuits of every kind, no 
potentials, other than those deliberately 
introduced for the purpose of the trans- 
mission of information, would be present. 
In practice, nearly every long-wire com- 
munication circuit is in close proximity 
with other communication circuits as 
well as power lines. Therefore, it is 
necessary that communication circuits 
not only be efficient in transmitting 
electrical energy without distortion and 
too much attenuation but also that they 
be protected against induced electrical 
currents coming from adjacent com- 
munication circuits and other electrical 
circuits. Any two long paralleling circuits 
that are not balanced by means of trans- 
positions or otherwise, may introduce 
crosstalk to such a degree as to interfere 
with their practical use. Furthermore, 
since crosstalk is an inductive effect, its 
magnitude tends to increase with the 
length of the paralleling circuits, the 
energy level and the frequency of the 
transmitted currents. Thus, the use of 
repeaters and carrier systems increases 
the possibilities of crosstalk. Crosstalk 
may be produced by both magnetic and — 
electric induction between circuit pairs. 


A. Crosstalk Reduction 


There are several methods of eliminat- 
ing or, at least, partially reducing cross- 
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talk between parallel circuits. One 
possibility is to arrange the paralleling 
wires in such a configuration that the 
effect of the magnetic and electric fields 
of one pair will be the same at both 
wires of the other pair, thus leaving no 
residual difference to cause circulating 
currents in the second pair. Usually such 
wire configurations are not practicable. 
Another partial solution is to reduce the 
separation between the wires of either or 
both pairs and, if practicable, increase 
the separation between the pairs them- 
selves. In practice, it is possible to take 
advantage of this method to only a limited 
extent. In cable circuits, the two wires 
of each pair are close together but so are 
the pairs; in open-wire lines, there is a 
considerable separation between pairs 
but the two wires in a pair cannot be 
placed close together. 


B. Transposition 


A third alternative in the reduction of 
crosstalk is the use of transpositions. The 
principle involved can best be understood 
by reference to Fig. 18-37- which rep- 
resents four wires in a typical open-wire 
configuration. The relative pin positions 
of wires 1 and 2 are interchanged in the 
middle of the short section S. Under 
these conditions, it is evident that when 
equal and opposite currents are flowing 
in the two wires of circuit A the voltages 
induced in wires 3 and 4 will be in op- 
posite directions on the two sides of the 
point where the circuit A is transposed. 
Thus, as indicated in the illustration, 
while e; is larger than es and e’; is larger 
than e’s, és is exactly equal and opposite 
to e’3 and e4 is exactly equal and opposite 
to e’4. There is therefore no net voltage 
induced in either wire 3 or wire 4 and 
consequently no crosstalk in circuit B. 
The same net effect could be obtained by 
inserting the transposition in the 
disturbed circuit B, leaving the wires in 
the disturbing circuit running straight 
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through. Thus, it is seen that the trans- 
position of a single pair of wires of two 
interfering circuits eliminates crosstalk 
between both pairs. Transposition of 
both pairs at the same point would nullify 
the attempt to reduce crosstalk. 

While a single transposition is effective 
in eliminating crosstalk in a short section 
S, it would not be sufficient to reduce 
crosstalk in the whole line. Because of 
the attenuation, the current and voltage 
near the energized end of the disturbing 
circuit are much greater than the current 
and voltage near the other end. Thus, 
it can not be expected that the induced 
crosstalk on the energized side of the 
transposition would be neutralized by 
the weaker crosstalk induced on the other 
side of the transposition. Also, in a long 
circuit, several wavelengths may be 
included in the propagation of a voice 
current from one end to the other. Since 
crosstalk is an induced effect, its instan- 
taneous value in any small section S 
depends on the position of S with respect 
to the cycle of current in the disturbing 
section. If S isso located that the current 
or voltage in it has a maximum value, 
either positive or negative, it can not be 
expected that the crosstalk induced in 
this section will be neutralized by the 
crosstalk in a similar section, located at 
a point in the line where the current or 
voltage has a value of nearly zero at the 
same instant. Thus, it is necessary that 
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transpositions be installed at frequent 
intervals with respect to the wavelength 
of the propagated current. 

For voice-frequency transmissions, 
where frequencies are relatively low, it 
is not difficult to achieve a sufficiently 
good approximation to this condition be- 
cause of the relatively long wavelengths. 
Where high-frequency carrier systems 
are used, the wavelengths are so short 
as to require very closely spaced trans- 
positions. In open-wire lines, spacings 
as close as every second pole are used in 
practice where the wires are carrying 
frequencies up to 140 Ke/s. The degree 
of effectiveness of such closely spaced 
transpositions is dependent on the ac- 
curate spacing of the poles and is further 
limited in practice by economic rather 
than theoretical factors. 

The most striking feature of cable 
circuits with respect to crosstalk is that 
the conductors are crowded very closely 
together. This close spacing of the two 
wires of a pair in which equal and op- 
posite currents are flowing tends to 
minimize the external effect of the 
electromagnetic field of the pair. In the 
process of manufacture, the cable con- 
ductors are very thoroughly transposed 
by twisting the two wires of each pair 
together, by twisting the two pairs of 
each group together to form quads and 
by spiralling the quads in opposite direc- 
tions about the cable core. Cables are 
also manufactured and installed so that 
their conductors are practically free from 
series resistance unbalances and insula- 
tion leakages. However, the close spac- 
ing of many circuits within the cable 
sheath, as well as their proximity to the 
sheath, tends to offset these advantages 
to a considerable extent. At voice fre- 
quencies, the magnetic induction 
between circuits in a cable is usually so 
small as to cause relatively little cross- 
talk. However, the capacitive unbalances 
usually remain large enough to cause 
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objectionable crosstalk in long circuits. 
This crosstalk is guarded against by 
splicing successive lengths of cable in a 
random manner so that no two quads are 
adjacent for more than a small part of 
their total length. To reduce crosstalk 
between pairs in the same quad, the 
capacitive unbalance is measured and 
balancing capacitors are connected at 
some point in each loading section. In 
carrier systems applied to cable circuits, 
inductive coupling is more important as 
a cause of crosstalk. Indeed, the cross- 
talk possibilities at carrier frequencies 
are so great as to necessitate a number of 
basic changes in circuit design as well as 
the use of crosstalk balancing coils to 
reduce inductive crosstalk. 


18.11 Applied mathematics. 
A. Effect of Loading on Attenuation 


The general attenuation constant of a 
transmission line is given by the 
expression: 


a = Real part of »/ZY, which equals 
ViV(R+0°L)\(P+aC)+4(GR—wLC) 
where a = attenuation constant per 
unit length 
Z = (R+joL), the impedance 
per unit length 
Y = (G+ jC), the admittance 
per unit length 
R = resistance per unit length 
L = inductance per unit length 
G = leakage conductance per 
unit length 
C = capacitance per unit length. 


With a non-loaded cable, satisfactory 
transmission is limited in practice to a 
few miles. In order to reduce the at- 
tenuation, the first solution which might 
present itself is the reduction of the 
resistance per unit length. However, 
this solution would prove uneconomical 
since it would result in the use of more 
copper per circuit and fewer circuits per 
cable. In well maintained lines, the leak- 
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age conductance G is kept ata minimum 
and can, for all practical purposes, be 
considered to be negligible. A reduction 
of the capacitance per unit length could 
only be secured by a wider separation of 
the wires; hence, this solution would also 
prove uneconomical since it would reduce 
the number of circuits which might be 
carried in a single cable and thus in- 
crease the cost per circuit. Therefore, to 
reduce the attenuation, there remains 
only the possibility of changing the value 
of the inductance per unit length, L. 
Neglecting leakage, the attenuation 
equation reduces to 


4/- 3 wo LVR?24+0°L?—oL] 


A study of this expression shows that, 
within certain limits, an increase in L 
will result in a reduction of the attenua- 
tion per unit length. The practice of 
loading is thus merely a means of in- 
creasing the inductance per unit length 
of a circuit. The improvement that can 
be obtained by increasing L depends on 
the value of the resistance per unit length, 
R. If R is small, very little decrease in 
the attenuation can be effected by in- 
creasing L; if on the other hand RF is 
relatively large, as it necessarily is in 
practical circuits, a substantial reduction 
in the attenuation can be effected. Inas- 
much as any inductance that may be 
added has some resistance, loading will 
increase the resistance per unit length 
and to some degree neutralize the effort 
to improve conditions. But with proper 
design of the loading coils, the increase 
in L more than offsets the increase in R 
so that the attenuation constant is 
reduced. Theoretically, in order to in- 
crease L it would be necessary to in- 
crease the distributed inductance in the 
circuit since the equation for the attenua- 
tion constant is developed in transmission 
line theory on the basis of uniformly 
distributed line constants. This might 
be accomplished by wrapping each con- 
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ductor with a spiral of magnetic tape 
but the cost would be so great as to 
render the method impractical. 

In practice, the loading inductance is 
supplied in the form of coils inserted in 
the circuit at regularly spaced intervals. 
A circuit of distributed constants may be 
simulated by a series of T-networks of 
lumped constants. Thus the addition of 
inductances in lumped form will produce 
the effect of increasing the distributed 
inductance provided that the lumps are 
sufficiently close together. 


B. Effect of Loading on Distortion 


In non-loaded lines, neglecting the very 
small inductance and leakage between 
the wires, the impedance and the 
attenuation are given by the formulas 


Rls pete 
ite gw 
and, a= 4/ ee 


From these two equations, it is seen 
that both the attenuation and the 
impedance vary with frequency giving 
rise to distortion effects. In a loaded 
cable, neglecting G, the reactance wl 
has been made very large and the 
resistance R may now be considered 
insignificant as compared with the re- 
actance. Thus, for the loaded cable, the 
equations for impedance and attenuation 


become 
i L 
Z, = / G 
RAG. . 
/ "Air (approximately). 


It is seen from the above equations 
that both the impedance and the at- 
tenuation are substantially independent 
of frequency due to the introduction of a 
relatively large amount of inductance in 
the loading process. Hence, loading serves 
the dual purpose of reducing the energy 
loss and virtually eliminating distortion 
effects throughout the frequency range 
that is to be transmitted. 


(approximately) 


and, a= 
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The loading coils in series with the line 
wires increase the line impedance. At the 
same time, they tend to neutralize the 
inherent line capacitance. Thus, the 
loaded line may be considered to be made 
up of a number of sections consisting of 
series inductance and capacitance, with 
each section acted upon by the voltages 
set up across the capacitance of the pre- 


18.12 Questions and problems. 

1. List the advantages and disadvan- 
tages of line communications as 
compared with radio communica- 
tions. 

2. How does the operational require- 
ment influence the choice between 
telephone communication and tele- 
graph communication? 

3. Distinguish between a sound- 
powered telephone system and a 
common-battery telephone system. 

4. Why are multiple switchboards re- 
quired in large telephone exchanges? 

5. Describe three methods of signalling 
used in telephone systems. 

6. What two types of automatic dial 
systems are most widely used in tele- 
phone systems? Briefly distinguish 
between them. 


bo | 


. Why are protective devices required 
in line communication systems? List 
the three principal types used. 

8. What is the primary purpose of a 
plug-and-jack assembly? 
9. Explain marking or spacing. 

10. List the factors which limit the length 
of a land line. 

11. Describe two principal types of re- 
generative repeaters used in teletype 
systems. 

12. Define the following terms as used in 

line communications: 

(a) single operation 

(b) duplex operation 
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ceding section. This results in an in- 
creased voltage and a decreased current 
and practically eliminates the phase 
angle of the characteristic impedance of 
the line. Owing to the increased 
impedance, or the fact that the energy is 
transmitted at higher voltage and 
decreased current, the J? losses are less 
and thus the total energy loss must be less. 


(c) neutral operation 
(d) polar operation 
(e) polarential operation. 


13. Define the following terms: 
(a) bias distortion 
(b) characteristic distortion 
(c) fortuitous distortion. 


14. Describe how bias distortion may be 
eliminated in polar circuits. 


15. Contrast the effects of bias and 
characteristic distortion in a polar 
telegraph circuit. 


16. What is the purpose of loading line 
communication circuits and, briefly, 
how is this accomplished? 

17. What secondary advantages result 
from loading land lines? 

18. What are the disadvantages of 
loading? 

19. List the factors that enter into the 
design of aloaded-line communication 
circuit. 

20. Compare the relative merits of open- 
wire circuits and cable circuits and 
state the conditions which determine 
the use of each. 

21. Outline briefly the elementary 
principles of carrier technique. _ 

22. Distinguish between a low-frequency 
carrier system and a_ broad-band 
carrier system. 

23. What methods are used to reduce 
noise and crosstalk on telephone lines? 


“3 


CHAPTER XIX 


TELETYPE 


In discussions of telegraph operation 
by land lines or radio in previous chapters, 
it has been assumed that the electrical 
signals to be transmitted were produced 
by the manual operation of a telegraph 
key. A large percentage of telegraph 
circuits, however, are operated by mech- 
anical devices known as teletypewriters. 
A teletypewriter link consists of two 
teleprinter units like the one shown in 
Fig. 19-1 supplied with suitable power 
and connected by a two-wire line. Fig. 
19-2 shows the teleprinter unit with 
cover removed. It consists of a key- 
board similar to a standard typewriter 
keyboard and printing mechanism which 
prints transmitted and received copy 
in page form. 

Communication by teletype has a 
number of advantages over manual tele- 
graph service. A transmission speed of 
60 words per minute is generally used in 
teletype service on the North American 
continent, while speeds up to 100 words 
per minute are possible with modified 
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equipment and circuits. In telegraph 
transmission by Morse code, a thorough 
knowledge of the code is required by the 
transmitting and receiving operators. 
Each letter or numeral being transmitted 
requires from one to five manual opera- 
tions of the key. In teletype operation 
only one manual operation is required for 
each transmission character. Although a 
knowledge of the code is useful to the 
teletype operator, it is not essential. 
19.1 Principles of teletype operation. 
Communication by teletype consists of 
reproducing by electrical means at a 
remote point the mechanical operations 
performed at the transmitting station. 
Each time the transmitting operator 
strikes a key to print a letter, the 
machine performs a series of mechanical 
operations and transmits a sequence of 
electrical impulses along the line to the 
receiver. These impulses operate a 
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mechanical selector system in the receiver 
which selects the corresponding type bar 
and causes the letter to be printed. 

The code generally used in teletype 
systems is the Baudot code. It is a 
jive-unit or five-impulse code and is illus- 
trated in Fig. 19-3. It provides for 
ransmission of the letters of the alphabet, 
the numerals, commonly used symbols 
and machine functions such as line feed 
and carriage return. Each code character 
consists of five units of equal duration. 
The black units of Fig. 19-3 represent 
marking «impulses and the white units 
represent spacing impulses. These cor- 
respond to the circuit conditions of key 
closed and key open, respectively, in 
telegraph operation. 

Teletypewriters are synchronized by 
means of a start-stop system. That is, 
the machines, instead of operating con- 


FUNDAMENTALS OF RADIO 


tinuously are started at the beginning 
of each five-unit group and stopped at 
the end of the group. This ensures that 
the transmitting and receiving machines 
are always in exact synchronism at the 
beginning of the transmission of every 
character. The start-stop system so 
frequently corrects any timing differences 
that may exist that printing errors are 
not likely to occur. It requires, however, 
that two synchronizing current pulses 
be transmitted for each character. The 
first synchronizing pulse is a spacing 
impulse which precedes the five-unit 
group and sets the receiving machine in 
mechanical operation. The stop pulse 
is a marking impulse at the end of the 
five-unit group which stops the receiving 
mechanism. The start pulse is equal in 
duration to each of the five code impulses 
while the stop pulse is 1.42 times as long. 
The duration of each impulse corre- 
sponding to standard transmission speeds 
of 40, 60 and 75 words per minute is 
indicated at the bottom of Fig. 19-3. 

The mechanical unit which transmits 
the series of electrical impulses when a 
key is struck is called the dzstributor. 
Several types of distributors have been 
designed and two are in common use in 
teletype equipment. They are the com- 
mutator or segmented-ring distributor and 
the rotating cam distributor described 
below. 


A. Commutator or Segmented-Ring 
Distributor 


This system, shown in diagrammatic 
form in Fig. 19-4, is representative of 
early teletype equipment and is more 
easily understood than later designs. 
The rotating brush arms of both the 
transmitting and receiving equipments 
are coupled to the driving shafts of two 
motors by friction clutches and are 
normally held stationary by the latches 
of the sending and receiving start 
magnets. The motors at the trans- 
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mitting and receiving stations are 
governed to rotate at approximately the 
same speed. Each time a key is struck 
on the keyboard of the transmitting 
teletypewriter, the brush arm is released, 
makes one complete counterclockwise 
rotation and is brought to rest again in 
its original position. This causes the 
brush arm to be released in the tele- 
printer at the receiving station and to 
complete one revolution in synchronism 
with the transmitting brush arm. The 
electrical impulses which make up the 
letter code are sent over the line as the 
brushes rotate. Corresponding magnets 
are energized in the receiving unit to 
select the required printing bar and 
print the character. The operation is 
best understood by reference to a par- 
ticular example. Suppose the letter A 
is to be transmitted. The electrical 
impulses corresponding to this character 
are start, mark, mark, space, space, 
space, stop. 

1. Start-stop MECHANISM. 

When key A is struck, the key lever 
rotates about the pivot point to close a 
number of electrical contacts as indi- 
cated in Fig. 19-4. There is then a path 


for electron flow from the transmitting 
battery, through the sending start mag- 
net and the brushes on the brush arm 
to ground. The start magnet pulls up 
the latch and releases the brush arm. 
The brush arm is driven through one 
revolution by the motor until it re- 
engages the latch. When the arm begins 
to rotate, the lower brushes move from 
the Srop segment to the StarT segment. 
The transmitting battery is then dis- 
connected from the line and the magnet 
at the receiving end of the line is de- 
energized. The armature of this relay 
moves to the right and connects the 
receiving battery through the brushes 
and the receiving start magnet to ground. 
This latter magnet is energized, pulls 
up the latch and permits the receiving 
brush arm to rotate one revolution. 
When the transmitting brush arm comes 
to the end of its revolution, the brushes 
connect the transmitting battery through 
the Sror segment and the brushes to 
the line. The receiving magnet is 
energized and its armature moves to 
the left. This ensures that the receiving 
battery is disconnected from the receiv- 
ing start magnet so the latch will engage 
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the brush arm in the receiver and stop 
the motion at the end of one revolution. 
The receiving mechanism is then ready 
for a new sequence of operations. To 
ensure that the receiving brush arm will 
always complete its travel before a new 
sequence is initiated by the transmitter, 
the receiving brush arm is arranged to 
rotate about 14 per cent faster than the 
transmitting brush arm. 

2. CoprE Imputsr MEcHANISM. 

When the teletypewriter key at the 
transmitting station is struck,: contacts 
1, 2, 3, 4 and 5 on the key lever are 
closed or left open according to the 
Baudot code for that letter. Thus, for 
the letter A, contacts 1 and 2 are closed 
while 3, 4 and 5 are left open. As the 
brushes rotate over segment 1 of the 
transmitting distributor, the transmit- 
ting battery is connected to the line. 
The receiving magnet is energized and 
its armature is moved to the left. When 
the brush arm of the receiving distribu- 
tor sweeps over segment 1, the receiving 
battery is connected through the brushes 
to receiving selector magnet number 1. 
This magnet is energized and performs 
the first of the five mechanical operations 
required to select the correct type bar 
in the printing mechanism. Similarly, 
when the transmitting brush sweeps 
over segment 2, a marking impulse is 
again sent to the line. As the receiving 
brush contacts segment 2, the second 
selector magnet is energized. When the 
transmitting brush touches segments 
3, 4 and 5, however, the transmitting 
battery is disconnected from the line 
and the armature of the receiving magnet 
moves to the right. The receiving 
battery is then disconnected from the 
inner commutator ring so that selector 
magnets 3, 4 and 5 are not energized 
when the receiving brush sweeps over 
the corresponding contacts. The selector 
magnets, energized according to the 
code, select the type bar carrying letter 
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A in the teleprinter. Just before the 
receiving brush reaches the end of its 
travel, it passes over a pair of segments 
through which it completes the printing 
battery and magnet circuit to operate 
the type bar and print the letter. 

It is to be noted that the commutator 
segments are considerably smaller in 
the receiver than in the transmitter. 
This means that only a relatively small 
portion of each transmitted signal im- 
pulse is used for operation of the 
receiving machine. Such an arrange- 
ment permits some variation in the speed 
of rotation of the brush arms without 
introducing distortion and printing errors. 
As long as the receiver brush passes over 
a given segment while the transmitter 
brush is contacting the longer corres- 
ponding transmitter segment, normal 
operation will result. 


B. Receiver Code Selector 


Several types of code selectors for use 
in teletype receivers have been developed. 
Fig. 19-5 illustrates the operation of a 
code selector suitable for use with the 
segmented ring transmitting unit just 
described. The five selecting magnets 
referred to above control the motion of 
five code bars. If the first impulse 
following the start impulse is a marking 
signal, the first selecting magnet will 
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Fic.19-6 Rotating cam transmitter assembly. 


move code bar number 1 endwise a 
slight amount. Similarly code bar num- 
ber 2 will be moved or left in position 
depending upon whether the second 
code impulse is a mark or a space signal 
and so on through the five impulses of 
the code. When all five impulses have 
been received, the code bars are so 
arranged that the slots under the par- 
ticular pull bar corresponding to that 
particular code combination are in line, 
and all other groups are out of line. 
This one pull bar is then allowed to 
drop down a small distance where it 
rests on the pull bar bail. Then, when 
the printer magnet is energized, the 
pull bar bail moves forward and causes 
the type bar to print the character. 


C. Rotating Cam Transmitter 


While the commutator and rotating 
brush equipment is still widely used in 
certain units of the teletype system, 
other mechanical means have been 
devised for producing the electrical 
impulses which make up the five-unit 


code. The essential components of the 
transmitting mechanism are shown in 
Fig. 19-6. The components include the 
teletypewriter keyboard and a bank of 
electrical contacts which are actuated 
by rotating cams. The cams are mounted 
on a shaft which is driven at a constant 
speed by a synchroncus motor. The 
cams may be held in a stationary 
position or may be allowed to rotate 
with the shaft by means of a friction 
clutch. When any key is depressed, the 
driven member of the clutch is permitted 
to move into mesh with the driving 
member, causing the cam sleeve assembly 
to revolve. At the end of the revolution, 
the driven member of the clutch is 
disengaged by the clutch and the cams 
are brought to rest until another key 
is depressed. 

Mounted beneath the key levers are 
five selector bars and a universal bar 
extending across the width of the key- 
board. The selector bars are provided 
with serrations as shown in Fig. 19-7, 
according to the requirements of the 
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signalling code. These bars rest on 
rollers and are guided at each end so 
that they may be easily moved endwise. 
When a key is depressed, the key lever 
strikes the slanting sides of these notches, 
moving the bars either to the right or 
left depending upon whether the impulses 
corresponding to the bars are to be 
marking or spacing impulses. If a 
spacing impulse is to be sent, the 
selector bar is held to the right as shown 
in Fig. 19-7. The locking lever engages 
the lower arm of the contact lever and 
keeps the contact springs apart as the 
cam rotates. When a marking impulse 
is transmitted, the key lever shifts the 
selecting bar to the left. The locking 
lever releases the contact lever so that 
it follows the indentation in the contact 
cam as the latter rotates. This permits 
the contact springs to move together to 
send a marking signal to the line. 

The universal bar is mechanically 
coupled to the clutch. Thus, whenever 
a key or the space bar is depressed, the 
selector bars are set and the universal 
bar causes the cams to start rotating. 
Three sets of mechanical and electrical 
operations are performed by the rotating 
cams and are as follows. 

(i) The start-stop cam opens a pair of 
contacts and sends a space impulse 
to the line. This impulse is the start 
element which starts a similar cam 
assembly rotating in the receiver. 
At the end of the revolution the 


FUNDAMENTALS OF RADIO 


start-stop cam closes the contacts 
and sends a marking impulse to 
the line. This impulse stops the 
rotation of the cam assembly in 
the receiver. 

The code-impulse cams, five in num- 
ber, operate the electrical contacts 
which provide the marking impulses 
of the five-unit code. The notches 
in these cams are so positioned as 
to actuate the contacts in succession 


~ as the cams rotate. The closing of 


(iii) 


the marking contacts is controlled 
not only by the cams but also by 
the positions of the five selector 
bars. Their operation is best under- 
stood by reference to a particular 
example. Suppose the letter Y is 
to be transmitted. The code for 
this letter is mark, space, mark, 
space, mark. Depressing the key 
bearing this letter causes the selector 
bars 1, 3 and 5 to shift toward 
one side of the keyboard and bars 
2 and 4 to shift toward the opposite 
side. This shift causes contact 
levers 2 and 4 to be locked out of 
position. As the cam assembly 
revolves, cam number 1 actuates 
the corresponding lever arm and 
closes a pair of contacts. This 
operation sends a marking signal 
to the line. Cam number 2 is 
ineffective in actuating its lever arm 
because the latter was locked out 
of position by selector bar number 
2. Thus a spacing signal is sent to 
the line during this interval. The 
remaining code-impulse cams 
operate in sequence, transmitting 
mark and space impulses according 
to the code. 

In addition to the components de- 
sertbed above, the transmitter 
contains a set of locking levers. 
These levers lock the selector bars 
in the positions determined by the 
key until the sequence of operations 
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Fia.19-8 Section of code bar in single magnet 
selector. 


has been completed. At the end 
of the sequence the lock-loop cam 
unlocks the levers. The selector 
bars may then be re-positioned by 
depressing another key. The 
sequence of operations outlined 
above is summarized in tabular 
form on page 19:8. 


D. Single Magnet Selector 


Teletypewriters equipped with the 
rotating cam distributor in the trans- 
mitting mechanism also make use of a 
rotating cam assembly in the receiving 
unit. In this system the five electro- 
magnets which operate the five code 
bars, are replaced by a single electro- 
magnet. The code bars, instead of being 
straight and mounted to move endwise 
as shown in Fig. 19-5, are curved and 
mounted so that they can rotate as 
shown in Fig. 19-8. The essential 
mechanical and electrical components 
of the single magnet selector are shown. 
in Fig. 19-9. The line signals from the 
transmitter are distributed by means of 
a group of six rotating cams so spaced 
angularly on a shaft that each will 
function at the time that the correspond- 
ing signal pulse is being received. Instead 
of closing electrical contacts, however, 
these rotating cams perform purely 
mechanical operations as follows. When 
the start pulse is received, the magnet 
armature is released. This operates a 
latch, not shown in the figure, and allows 
the shaft carrying the selector cams to 
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start rotating. The cams are so spaced 
that at the time the first of the five 
impulses of the code signal is being 
received, the first cam engages the pro- 
jection on the selector lever associated 
with the first code bar and rotates it 
slightly in a counterclockwise direction. 
The effect of this movement depends on 
whether or not the magnet armature is 
operated. If the first code impulse is a 
marking signal, the armature will be 
operated as shown in Fig. 19-9. The 
moving of the selector lever by the first 
selector cam lifts up the sword and 
causes the right hand projection on its 
upper end to strike the right hand end 
of the armature extension. This rotates 
the sword in a clockwise direction about 
its pivot A. When the selector cam in 
its continued rotation clears the selector 
lever and allows the selector lever spring 
to restore it to its normal position, the 
point of the sword is brought down 
against the left hand side of the T-lever, 
rotating it in a counterclockwise direction 
and so moving the code bar to the right. 

If the line signal from the transmitter 
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is a Spacing signal, the magnet armature 
is not actuated. Then, when the 
selector lever raises the sword, its left 
hand projection strikes the left hand 
side of the armature extension, causing 
the sword point to move to the right 
and the code bar to the left. In exactly 
the same manner, when the second code 
impulse is received, the second selector 
cam will have arrived at the proper 
position in its rotation to operate the 
selector lever associated with the second 
code bar, and it will be positioned accord- 
ing to the position of the magnet arma- 
ture at the time. After all five signal 
pulses have been received and the code 
bars properly positioned, the sixth cam 
releases a clutch and allows the printing 
mechanism to operate. 

While the foregoing discussion refers 
to the transmitting and receiving 
mechanisms as separate units, they are 
in fact both included in the same tele- 
typewriter unit as shown by the photo- 
graphs of Fig. 19-1 and Fig. 19-2. Such 
an arrangement makes it possible to 
connect machines for simplex, duplex or 
half-duplex operation. As in the case of 
telegraph practice, simplex operation 
refers to sending teletype signals over 
the same conductors and at the same 
time as telephone signals are being trans- 
mitted. At the receiving end of the line 
the teletype and telephone signals are 
separated and are channelled to their 
respective receiving units. With a simplex 
system it is possible to transmit in only 
one direction at one time. The receiving 
operator must wait until the sending 
operator has completed his transmission 
before he may start transmitting. A 
duplex system provides independent 
transmission on two separate paths so 
that traffic may be passed in both 
directions simultaneously. In a half- 
duplex system, the terminal equipment 
is capable of duplex operation but the 
line facilities permit transmission in only 
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one direction at one time. Thus a half- 
duplex system will handle the same 
amount of traffic as a simplex system. or 
half the traffic of a full duplex system. 

19.2 Perforated tapes. In order to 
maintain the teletype system in opera- 
tion at its maximum efficiency, it is 
convenient to prepare traffic in advance 
for transmission at a routine time. This 
is accomplished by recording messages 
in the form of coded perforations on a 
paper tape. The tape may be read and 
checked for accuracy before being fed 
into a transmitter-distributor unit for auto- 
matic transmission by land lines or radio. 

A section of a perforated teletypewriter 
tape is shown in Fig. 19-10. The small 
holes are feed holes which are used to 
feed the tape through the perforator and 
transmitting device. The tape may be 
read by moving it from right to left with’ 
the rough side up and with two recorded 
impulses above the feed line and three 
recorded impulses below the feed line. 
The tape is perforated for marking 
signals and is left unperforated for spac- 
ing signals. Start and stop signals are 
not recorded on the tape. 


A. Perforators 


The perforating mechanism consists 
essentially of a typing keyboard, a select- 
ing mechanism, a punch hammer and a 
set of punches for perforating the tape. 
The punch hammer is controlled by a 
pair of electromagnets. When the key 
is struck to perforate the letter A (mark, 
mark, space, space, space) punch bars 1 
and 2 are left in the path of their respec- 
tive punches while punch bars 3, 4 and 5 
are moved away from their punches. 
Then, when the punch magnet is ener- 
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gized, the hammer causes punches 1 and 
2 to perforate the tape while punches 3, 
4 and 5 are not operated. A feed hole is 
also punched with each forward motion 
of the punch hammer. 


B. Reperforators 


A reperforator is a motor-driven 
machine which receives electrically trans- 
mitted signals and converts these signals 
by mechanical means into code combina- 
tions perforated in a paper tape. In 
addition the message being received is 
printed on the tape. It is important to 
note that the perforations representing 
the printed letter are always six positions 
in advance of the letter. The reperforator 
is used to convert incoming messages, 
which would normally have to be re- 
transmitted manually, into tapes which 
can be fed directly into the transmitter- 
distributor. This cuts down the handling 
of traffic and increases the speed with 
which. messages can be relayed. 

Another useful device in the teletype 
centre is the typing reperforator. This 
machine is fitted with a keyboard for 
preparing tapes for subsequent trans- 
mission. In addition it may be used for 
perforating tapes from signals received 
from a distant station. It thus functions 
as either a perforator or as a reperforator. 


Ce Lanes > 


Two different types of tape are used 
in teletype practice. The perforator in 
punching the tape leaves a circular hole 
by completely removing the tape as 
shown in Fig. 19-10. The pieces of tape 
removed by this operation are called 
chads and the tape is known as chad tape. 
The reperforator or typing reperforator 
does not completely remove the circular 
piece of paper but leaves it in the tape 
secured by a small uncut portion. This 
type is called chadless tape and is shown 
in Fig. 19-11. 
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Fia.19-11 Partially perforated (chadless) tele- 
typewriter tape. 


D. Transmitter- Distributor 


The perforated tapes are fed into the 
transmitter-distributor unit for transmis- 
sion over land line or radio links. When 
using the transmitter-distributor, no 
printed copy is produced at the trans- 
mitting end unless a separate printer is 
put into the line for this purpose. The 
tape is fed under a clip and over a line 
of five sensing pins. These pins open or 
close electrical contacts according to the 
perforations in the tape. Each pair of 
contacts is connected in series with one 
segment of a commutator-type distribu- 
tor similar to that shown in Fig. 19-4. 
A motor-driven revolving brush sweeps 
over the commutator segments to open 
and close an electrical circuit according 
to the code for the character being sensed 
by the pins. The brushes connect the 
transmitting power to the line during 
marking signals and disconnect it during 
spacing signals. 


E. Automatic Numbering 


In centres where traffic is received on 
tape for relaying to other stations, it is 
important that a definite procedure be 
used for identifying messages and for 
giving a constant check on _ possible 
omissions and errors. Normally, mes- 
sages handled direct from station to 
station bear a serial number making it 
possible for both stations to check on 
the number of messages received and 
transmitted. When a message is relayed 
manually, it receives a new serial number. 

In tape relay centres, an automatic 
numbering device is used for inserting a 
message identifying number and a channel 
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Fig.19-12 Service joint tape relay system. 


letter on the tape for each message passed. 
Messages originating at a given centre 
are automatically numbered consecu- 
tively. If two or more channels exist 
between the receiving and transmitting 
centres, a channel letter is added. Where 
messages are relayed the message identi- 
fying number is retained but preceded by 
a channel message number with a channel 
letter if necessary. At specified intervals, 
normally every twenty-four hours, each 
station to which traffic has been passed 
checks on the messages received during 
the preceding interval. A new sequence 
of message identifying numbers is com- 
menced at the same time. 

19.3 Tape relay systems. A highly 
efficient system of passing messages using 
teletype techniques has been developed 
in the form of the semi-automatic tape 
relay system. A semi-automatic tape 
relay system consists basically of two or 
more message centres which relay or 
regenerate teleprinter messages through 
one or more tape relay rooms to other 
message centres. This system is widely 
used both by commercial companies and 
by the Services. In Canada, the National 
Defence Communication System utilizes 
joint tape relay centres as illustrated in 
Fig. 19-12. 

Each message centre is responsible for 
transmitting messages to the tape relay 
room by means of tape or keyboard- 
operated teleprinters employing duplex 
land-line teletype circuits. Messages 
are received in the tape relay rooms on 
tape only and in message centres on 
page printing machines. Tape relay 


rooms are connected by a number of 
teletype circuits, either radio or land 
line. The tape relay system has many 
advantages which are as follows. 

(i) Economies of space and building 
costs are effected by having long- 
line terminal equipment under one 
roof. 

(ii) Larger traffic capacities and faster 

handling of messages are possible. 
Under conditions of heavy traffic, 
alternate routes are available for 
messages. 

The human error factor in trans- 
cribing messages at relay points is 
eliminated; the messages are 
received at their destination in 
exactly the same form as they were 
teletyped by the originator. 

(v) A comparatively few trained opera- 
tors can handle a large volume of 
traffic. 

The layout of a Service tape relay 
centre is shown in Fig. 19-13. Recezing 
cabinets, installed in the centre, contain 
typing reperforators along with their 
associated relays and power supplies. 
The individual machines are connected 
to incoming lines and record the incom- 
ing messages on chadless tape. Hach 
transmitting cabinet contains two 3-gang 
transmitter-distributors which may be 
operated separately or in tandem. This 
allows up to six messages to be auto- 
matically transmitted on a circuit in 
quick succession. The number trans- 
mitting cabinets each contain one 3-gang 
transmitter-distributor having long, 
durable, perforated tapes punched with 
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(iv) 
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channel designations and successive 
numbers. When a message is placed in 
a transmitter it automatically starts the 
number transmitter associated with it. 
This unit, in turn, inserts the correct 
channel designation and serial number 
on the outgoing message. The number 
transmitter then stops and the message 
tape recommences feeding into the cir- 
cuit. In a similar manner, both the time 
and date may be added to every out- 
going message. Associated with each 
number transmitting cabinet is a power 
supply and a bank of relays. Monitor 


cabinets contain typing reperforators with 
associated power supplies to make a tape 
copy of every outgoing message for file 
purposes. 

When a message which requires dis- 
tribution to several addressees is received, 
the received tape is fed into a transmitter- 
distributor in the multiple address cabinet, 
the output of which may be connected or — 
patched into several typing reperforators. 
This permits simultaneous manufacture 
of several tapes which can be used to 
send the message to its various destina- 
tions simultaneously and with a minimum 
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of delay. The switchboard monitor set 
is located adjacent to the equipment 
switchboard and contains a typing reper- 
forator with a keyboard and a single 
transmitter-distributor with necessary 
power supplies and plugs and keys for 
patching into the switchboard. When 
tapes are multilated or indistinct, they 
must be repaired before re-transmission. 
The defective tape is fed into the trans- 
mitter-distributor which operates the 
typing reperforator; when the mutilated 
section is reached, the transmitter- 
distributor is stopped and the section 
re-typed on the keyboard of the reper- 
forator. When this has been completed, 
the tape in the transmitter-distributor is 
moved past the defective portion and 
the transmitter-distributor started again 
to complete the manufacture of the new 
tape. Model 15 teleprinters are located 
in the traffic control room near the 
traffic control panel. These machines 
are used for communicating with message 
centres and other stations where difficul- 
ties are encountered or orders must be 
given in connection with traffic control. 

19.4 Operating speeds and bandwidth 
requirements. Three methods of indi- 
cating the speed of transmission of 
teletype signals are in common use. 
1. Worps PER MINUTE. 

In indicating speeds of transmission, 
a standard word is considered to consist 
of six characters. Spacing between words 
and machine functions such as carriage 
return represent additional operations 
that must be performed by the operator. 
The speed with which traffic is passed 
by manual operation of teletypewriters 
depends upon the skill of the operator 
until the limiting speed of the machine 
is reached. In automatic transmission 
using perforated tapes, an operating 
speed of 60 words per minute is com- 
monly employed. 
2. CYCLES PER SECOND. 

As indicated in Fig. 19-3, a teletype 
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operating speed of 60 words per minute 
requires the transmission of five code 
impulses, each of 22 msec. duration 
together with a start impulse of 22 msec. 
and a stop impulse of 31 msec. duration. 
Each signal element may be considered 
to be one half cycle of a square waveform 
alternating current. The duration of a 
complete cycle is therefore 44 msec. and 
1000 
44 
or approximately 23. The square wave- 
form is built up of a sinusoidal funda- 
mental of 23 c/s plus odd harmonics of 
reduced amplitude. Teletype equipment 
operates satisfactorily if the fundamental 
and third harmonic (69 c/s) are trans- 
mitted. This requirement must be met 
in carrier teletype systems employing 
land lines and radio links. 

3. BAUDs. 

Teletype transmitting speeds are 
sometimes stated in bauds. The speed 
in bauds equals the number of signal 
elements of shortest duration transmitted 
per second. Thus a speed of 60 words 
per minute or ove signal element every 


0 
or 45 bauds. 


the number of cycles per second is 


22 msec. is equal to 29 


The speed in cycles per second and in 
bauds corresponding to any other number 
of words per minute may be calculated 
in a similar manner. 

19.5 Adaptation of radio to teletype 
circuits. Several methods of adapting 
standard radio communication trans- 
mitters and receivers to teletype systems 
have been developed. Such a system, 
known as radio teletype, not only elimi- 
nates long land lines, but also makes the 
installations mobile. As a result, the 
high-speed operation and direct-printing 
facilities inherent in teletype are avail- 
able for ships and aircraft. 

Before a satisfactory service can be 
achieved, it is desirable that these radio 
links be made as reliable as land lines 
and be designed so that they can be 
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incorporated in the networks without 
recourse to manual transcription or tech- 
niques which will complicate message 
handling. 

In adapting radio to teletype opera- 
tion, the current pulses comprising the 
teletype code must be converted to some 
form of modulation of an r-f carrier. 
Several methods of modulating the r-f 
carrier with teletype signals have been 
developed. 


A. On-Off Keying 


Since there are only two conditions 
required by the machines, i.e. current 
flow (mark) and no current flow (space), 
the logical procedure would be to have 
the transmitter silenced during the idle 
periods of the machine and radiating 
energy during the operating periods. 
Also, since the machine normally rests 
in the mark position, this condition 
would correspond to no radiation from 
the transmitter. This system, however, 
presents some difficulty in providing 
automatic gain control should this facility 
be desirable. 


B. Reversed On-Off Keying 


As the name implies, this type of 
operation is the reverse of on-off keying. 
The radio transmitter radiates energy 
during the idle periods of the teletype 
machine and intelligence is conveyed 
by interrupting this transmission when 
the machine operates. Such a system 
ensures that a signal is present in the 
receiver to prevent the operation of the 
automatic gain control on noise signals 
alone during the relatively long idle 
periods of the machine. 


C. Frequency-Shift Keying 


The type of modulation finding widest 
application in the Service where one 
channel is required is frequency-shift key- 
ing (F.S.K.). It is arranged that the mark 
and space elements are transmitted on 


FUNDAMENTALS OF RADIO 


two discrete frequencies. The frequency 
separation at present is 850 c/s on the 
high-frequency communications band 
and 200 c/s on the low-frequency com- 
munications band. With frequency-shift 
keying there is no amplitude modulation 
at the transmitter, but since both mark 
and space signals are transmitted there 
is a form of frequency modulation of 
fixed frequency deviation. Regardless of 
the type of keying employed, each 
receiver must be followed by a stage 
which will convert the output of the 
radio receiver into current pulses to 
operate the teletypewriter associated 
with the equipment. 

Since frequency-shift keying is gener- 

ally employed in Service applications, the 
discussions which follow will refer to 
this type of radio teletype unless other- 
wise noted. 
19.6 Principles of radio teletype 
systems. A block diagram of a radio 
teletype link is shown in Fig. 19-14. The 
transmitting portion consists of a tele- 
typewriter, a frequency-shift keyer and 
a communications transmitter supplied 
with suitable power. The output signal 
from the teletypewriter consists of mark 
and space impulses according to the 
Baudot code described in section 19.1. 
The line current is normally 60mA for 
mark and OmA for space impulses in 
neutral systems. In polar systems, the 
current is 30mA in one direction for 
mark and 30m4A in the opposite direction 
for space signals. 

The frequency-shift keyer is used in 
place of the oscillator stage in the trans- 
mitter. It produces an r-f carrier of 
constant amplitude which provides the 
drive to the transmitter. The frequency 
of the carrier is shifted 850 c/s from 
the mark to the space condition for 
operation in the high-frequency com- 
munication band. Thus, if the assigned 
or phantom carrier frequency is 10 Mc/s, 
the mark frequency is 10,000,425 c/s and 
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the space frequency 9,999,575 c/s. For 
operation in the low-frequency com- 
munication band, the frequency shift is 
200 c/s. Since the difference between 
the mark and space frequencies is always 
less than 1000 c/s, it is essential to use 
crystal control of the signal frequency. 
It is customary that when the system is 
idle, it rest in the mark condition; that is, 
the output frequency is higher than the 
phantom frequency by half the total 
frequency shift when no intelligence is 
being transmitted. 

The frequency-modulated output of 
the frequency-shift keyer is fed into the 
driver and power amplifier stages of a 
standard communications transmitter for 
transmission to distant receivers. It is 
important to note that if frequency 
multiplication occurs in the transmitter, 
the amount of frequency shift applied at 
the keyer will be multiplied in the trans- 
mitter. Thus, if frequency doubling 
occurs in the transmitter, the amount of 
shift applied in the keyer must be half 
the required final shift in the transmitter 
output. 

The receiving equipment of the radio 
teletype link consists of a standard 
communications receiver, a frequency- 
shift converter and a teleprinter, together 
with power supplies. To ensure reliable 
operation of the receiver, a high-stability 
erystal-controlled local oscillator is used. 
The frequency of the b.f.o. is adjusted 
so that the output from. the second 
detector’is in the audio range or slightly 
higher. This signal shifts in frequency 
for mark and space impulses by the 


same amount as that applied at the 
transmitter. The signal is then passed 
to the frequency-shift converter which 
discriminates between the mark and 
space frequencies and converts them to 
current pulses which drive the _ tele- 
typewriter. 

For single or half-duplex operation of 
the radio teletype link, the terminal 
equipment at each end of the system 
includes a single-unit teletypewriter with 
page printer and a common aerial for 
the transmitter and receiver. A send- 
receive switch is used to connect the 
teletypewriter and aerial to the trans- 
mitting and receiving network as shown 
in Fig. 19-15. 

From the foregoing brief survey, it is 
apparent that the frequency-shift keyer 
and the frequency-shift converter are 
the two units peculiar to teletype com- 
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munication using radio links. The follow- 
ing sections are devoted to a more 
detailed description of these units of the 
radio teletype system. 

19.7 Frequency-shift keyers. 


A. Low-Frequency Keyer 


A frequency-shift keyer for use in the 
low-frequency band is shown in block 
diagram form in Fig. 19-16. It is used 
to drive communications transmitters 
operating in the range 50 Ke/s to 500 
Ke/s. The transmitter frequency is 
shifted from a lower space frequency to 
a higher mark frequency by the output 
of the teletypewriter. The amount of 
frequency shift is 200 ¢/s. 

The required transmitter frequency is 
derived by the heterodyning of higher 
frequencies. The square-wave signal 
from the teletypewriter is passed through 
a wave-shaping circuit to a reactance 
tube. The wave-shaping circuit limits 
the amplitude of the keying voltage to 
make it independent of variations over a 
considerable range. It also impresses 
the proper polarity of keying voltage 
on the reactance tube. The reactance 
tube circuit is used to shift the frequency 
of a 200 Ke/s Colpitts oscillator 100 c/s 
above and below its normal frequency 
for mark and shift conditions. The out- 
put of the Colpitts oscillator is then 
combined with the output of a crystal 
oscillator operating at 1.8 Mc/s in a 
balanced modulator. Detection takes 
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place and the upper sidebands are 
selected by high-pass filters to obtain a 
carrier at 2 Mc/s with a frequency shift 
of plus and minus 100 c/s for modulation. 
This signal is again combined with the 
output of a second crystal oscillator 
which operates at a fixed frequency in 
the range 2050 Ke/s to 2500 Ke/s. A 
selector switch makes it possible to 
select any one of three crystals in this 
range. The second detector is followed 
by low-pass filters which select the 
difference frequency to give a signal in 
the range 50 Ke/s to 500 Ke/s.with a 
frequency shift of 200 c/s. 

The r-f carrier is amplified by untuned 
amplifiers which pass the signal to the 
transmitter. Any harmonic distortion in 
the r-f carrier is largely eliminated by 
the Class C amplifiers in the transmitter. 
The frequency-controlling circuits of the 
keyer are contained in a temperature- 
controlled oven to maintain the frequency 
of the carrier constant. 


B. High-Frequency Keyer 
The diagram of a high-frequency keyer 
is shown in Fig. 19-17. It produces a 
carrier signal in the range from 2 to 5.5 


Mc/s with a frequency shift up to 1000 
c/s and may be used for the transmission 


of teletype, telegraph, f-m telephone, . 


facsimile or telephoto communication. 

1. KeyINnc AND WAVE-SHAPING CIRCUIT. 
Depending on the particular installa- 

tion, the input from the teletypewriter 
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keyboard may take one of four distinct 
forms. The two basic forms result from 
polar and neutral operation. In addition 
the input may vary as to the direction 
of current flow for a given mark or space 
condition. The input circuit of the keyer 
includes a sense switch Ss to permit 
operation from either polar or neutral 
signals and a limiter to compensate for 
the differences in voltage amplitude 
resulting from the two types of keying. 
Also included in the keyer stage are two 
switches, S, and Ss. S,4 is a three- 
position switch used to simulate either 
the mark or space condition for testing. 
This switch is normally left in the line 
position so that the input from the 
keyboard controls the keyer. The Fax 
—F-.S. switch S;, in the Fax position 
provides for photo-facsimile operation 
of the keyer. It is set in the F.S. position 
for frequency-shift operation. 

2. CRYSTAL OSCILLATOR. 

The basic frequency of the keyer is 
derived from a Pierce crystal-controlled 
oscillator V>. Provision is made to 
select any one of three output frequencies 
by a crystal selector switch S3. 

3. 200 Kc/s OscILLATorR. 

To provide facility to shift the output 
frequency, the output of a stable 200 
Ke/s oscillator Vs is combined with that 
of the crystal oscillator. The 200 Ke/s 
oscillator is a balanced Colpitts oscillator 
operated at a relatively low level for 
stability. 

4. ReacTance TUBE. 

V; is connected across Cig and Ci94, 
one half of the oscillator tank circuit in 
an inductive reactance-tube modulator 
circuit. A voltage from the other half 
of the oscillator tank is applied to V5 
grid through the phase-shifting network 
Ca, and Ro, in series? Co;, a .OlpF 
capacitor offers only a negligible reactance 
and the lower end of R24 can be con- 
sidered to be at earth potential for r-f. 
Thus, applied to the grid of Vs is a 
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voltage lagging that across Cig and Ci94 
by an angle slightly greater than 90°. 
Current through Vs; resulting from the 
grid voltage and the voltage applied to 
its anode via C4 thus lags the voltage 
across C;yand C94 by 90°. V;, when con- 
ducting, thus appears as an inductance 
connected in parallel with Cy) and C194. 
When V; is not conducting, this appar- 
ent inductance is removed from the 
circuit reducing the oscillator frequency. 
In teletype operation the reactance tube 
is operated from cut-off to conduction 
for space and mark respectively; the 
effect is the same as if a small fixed 
inductance were switched in or out of 
the oscillator tank circuit. Capacitor 
C32, between Vs; cathode and ground, 
forms the wave-shaping circuit, rounding 
off the keying pulses to restrict sideband 
radiation. 

In the F.S. position of S; the cathode of 
the reactance tube is connected through 
Rag and Ry; to the junction of Ros and 
R23 which form a voltage divider across 
the regulated 105-volt supply. Ignoring 
any effect of the keyer valve, anode 
current will flow through V;, a steady 
operating bias being developed across 
Re; and Rs. These are the conditions 
which prevail when the left hand side 
of Vy is non-conducting, conduction of 
Vs resulting in an increase in output 
frequency for the mark condition. With 
the left side of V5 conducting, the increase 
in current through R25 and Rg raises V5 
cathode sufficiently above grid potential 
that its current is cut off. Vs is then no 
longer active in the 200 Ke/s oscillator 
circuit resulting in a decrease in frequency. 
This is the normal space condition. Thus, 
to control the reactance-tube modulator 
Vs, the left side of Vy is keyed on and 
off. This is accomplished by the right 
side of V, and its anode load Rg. The 
cathode of the left side of Vy is positive 
by the voltage across R46, Res and Res 
when conducting and positive by the 
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voltage across Ry; when non-conducting; 
its anode is connected to the regulated 
105-volt supply; its grid is at the anode 
potential of the right side of V>. Assume 
Se to be in the upward position which is 
for the reception of pulses of current, 
the direction of which produces a posi- 
tive voltage at the top of Ris. It is 
immaterial whether these pulses are polar 
or neutral; either type is of sufficient 
amplitude that the right side of Vo is 
driven to saturation by the positive 
voltage on its grid resulting in limiting 
action. Anode current through R3) 
drives the left grid of Vy below cut-off 
placing the keyer in the mark condition. 
In the space condition, the right grid of 
V, is either at zero potential for neutral 
or at a negative potential for polar. In 
either case, the grid is sufficiently nega- 
tive to the cathode to cut the tube off. 
The cathode is held positive by the 
voltage across Res which is in series with 
R3, forming a bleeder across the 105-volt 
regulated supply. No anode current 
flows through R3 and the left side of 
V, will conduct, cutting off the reactance 
tube V; resulting in the space condition. 

Should the teletype installation be 
such that the direction of current flow 
is opposite to that described above, S, 
is placed in the opposite position. Now 
the cathode of the right side of V4 is 
connected to the 105-volt regulated 
supply through Ray and to the input 
line from the keyboard through R5o. 
With the reception of a marking impulse, 
electron flow is through Rs and Rap. 
The negative voltage at the junction of 
Rag and R5o places the cathode negative 
to the grid allowing current to flow. 
This drop in potential for either polar or 
neutral keying is sufficient to produce 
saturation limiting. In the space con- 
dition, the right side of Vo is cut off. The 
action of the remainder of the circuit is 
unchanged. If it should be required to 
change the sense of the transmitted 
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signal, that is, have the low-frequency 
condition correspond to the mark and 
the high-frequency correspond to the 
space, Ss can be placed in the opposite 
position. 

5. BALANCED MopuLaror. 

Tubes V3 and V4 are connected in a 
balanced modulator circuit. Applied to 
the control grids in parallel is the output 
from the high-frequency crystal oscilla- 
tor. The output of the 200 Ke/s oscilla- 
tor Vs is applied to the signal grids in 
push-pull. The crystal frequency is 
cancelled out because the components of 
anode current at this frequency flow 
through the tank coil Ls simultaneously 
in opposite directions producing cancella- 
tion in the transformer secondary. The 
tank circuit, L4 and Cy, is tuned to the 
sum of the two frequencies. It therefore 
offers only a low impedance to the 
difference frequency which is 400 Ke/s 
below the desired frequency. Thus 
applied to the amplifier V> is the sum 
of the frequencies of the two oscillators. 
The output of V¢ is of sufficient ampli- 
tude to drive the associated transmitter. 
6. OvEN TEMPERATURE CONTROL. 

The three frequency-determining cir- 
cuits, high-frequency oscillator, 200 Ke/s 
oscillator and reactanee-tube modulator 
are mounted in a temperature-controlled 
oven. The temperature of the oven is 
controlled by a mercury thermometer 
M, with two contacts inserted into the 
channel. Relay K, and the control valve 
Vii complete the temperature-control 
circuit. The cathode of V1, connected 
to the junction of Ria) and R3s, a voltage 
divider across the 105-volt regulated 
supply, is at a positive potential. The 
grid is connected to the cathode via R35, 
and to one of the contacts of the ther- 
mometer, the other contact of the 
thermometer being connected to earth. 
Relay Ky, in the V1; cathode circuit is 
energized when anode current flows, and 
de-energized when the valve is cut off. 
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The contacts of Ky, are in series with 
the mains supply to the heater elements 
Ra, Raz, Rag and Ras. If the tempera- 
ture in the oven is below 60° C., the 
mercury in the thermometer contracts, 
opening the circuit between the contacts 
in the mercury channel; V1, grid is then 
at cathode potential allowing the tube 
to conduct, energizing relay K, and 
completing the supply to the heating 
elements. When the temperature exceeds 
60° C., the mercury in the thermometer 
expands, completing the circuit between 
the two contacts through the mercury. 
K, is then de-energized breaking the 
supply to the heater elements. Rela- 
tively fast cycling occurs and the actual 
temperature variation inside the oven is 
of the order of a few hundredths of a 
degree centigrade. 

7. PowErR SuPPLyY. 

The power supply is entirely conven- 
tional. 

8. FUNCTION OF CONTROLS. 

The various controls and their func- 

tions are as follows. 

(i) The Mrxrr Tuntne control oper- 
ates Cy, the capacitor in the tank 
circuit of the balanced modulator 
stage. The tank circuit is tuned to 
the sum of the two oscillator fre- 
quencies. 

With the Frequency control C29, 
the frequency of the 200 Ke/s 
oscillator can be varied a few 
Ke/s. Since the output frequency 
is directly related to the 200 Ke/s 
oscillator frequency this control 
varies the output frequency for 
both the mark and space conditions. 
To vary the magnitude of the 
frequency shift, Res, a Sarr con- 
trol is provided. This control is in 
the cathode circuit of the reactance- 
tube modulator and adjusts the 
amount of current through the 
valve and hence the amount of 
frequency shift. Since the reactance 
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tube is only effective in the mark 
condition, this control has no effect 
on the space frequency. Conse- 
quently, it is adjusted for the 
correct mark frequency. 

When F-.S.-Fax switch is in the 
Fax position S; provides for photo- 
facsimile operation It is normally 
left in the F.S. position. 

The Kryine Pouarity switch S¢ 
provides for the various types of 
keying signal. It is adjusted so 
that the transmitter radiates on 
the high side of the assigned car- 
rier while the keyboard is produc- 
ing mark impulses. 

The Output Lerve. control, a 
screwdriver - adjusted potentiome- 
ter R,;, is located at the rear of the 
unit. It adjusts the output to the 
value required to drive the trans- 
mitter by varying the screen 
voltage on V6, the power amplifier. 
The Line-Mark-Space switch S, 
is used during the initial setting up 
of the keyer. By means of this 
switch the cquipment may be 
placed in either the mark or space 
condition independent of keying. 
In the Line position, the keyer 
valve is controlled by the keyboard. 
Co1, a screwdriver adjustment 
accessible from the front panel is 
preset, but may be adjusted if it 
is found that the frequency control 
does not provide the correct ad- 
justment of the 200 Ke/s oscillator 
frequency. 

C33, a preset capacitor in the phase- 
shifting network is factory set and 
normally does not require adjust- 
ment. 

The Man Power switch S, com- 
pletes the mains supply to 7; in 
the power supply. 

The PuatTe On-Orr ‘switch S2 
removes the H.T. supply from the 
erystal oscillator, balanced modu- 
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lator and power amplifier for the 
stand-by position. 

Ris a screwdriver-adjusted poten- 
tiometer in the screen circuits of 
the balanced modulator to com- 
pensate for inherent differences in 
the amplifications of the valves. 
It is adjusted to produce maximum 
cancellation of the crystal fre- 
quency in the balanced modulator 
tank circuit. 

Plug P; connects the output from 
the keyer to any one of three 
transmitters which may be per- 
manently connected to the keyer. 

19.8 Frequency-shift converters. 

For long-distance sky-wave transmis- 
sion, space-diversity reception is generally 
required to maintain reliable operation 
of radio teletype equipment. In this 
system, two or more separate receiving 
aerials are connected to individual radio 
receivers, the outputs of which are 
suitably combined. The aerials should 
be separated several wavelengths apart 
to be effective. Under these circum- 
stances, the sky-wave signals arriving 
at the two aerials usually fade indepen- 
dently of each other and an input signal 
to the converter unit is maintained. An 
advantage of 10 to 15 db is usually 
obtained with space diversity reception 
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as compared with single aerial operation. 
If it is inconvenient to use spaced aerials 
required in space-diversity reception, 
frequency-diersity operation may be sub- 
stituted. This involves sending the 
signal at two or more frequencies which 
are separately received and combined in 
the outputs of the receivers.  Alter- 
natively, polarization-diversity reception 
may be employed. This involves the use 
of two or more aerials so oriented as to 
receive differently polarized components 
of the r-f signal. Its operation is based on 
the fact that the vertical and horizontal 
components of a received sky wave do 
not usually fade simultaneously. 


A. Block Diagram of Converter 


A block diagram of a frequency-shift 
converter is shown in Fig. 19-18. The 
valve numbers refer to the circuit dia- 
gram shown in Figs. 19-26, 19-27, and 
19-28. The converter is used to convert 
the audio output of the receiving circuits 
into pulses of current of sufficient ampli- 
tude to drive a teletypewriter. Two 
similar input channels are provided for 
diversity reception. If diversity opera- 
tion is not used, either channel may be 
disconnected. The input to each channel 
is an audio-frequency signal which shifts 
in frequency from mark to space condi- 
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tion by a fixed amount applied at the 
transmitter. 

The input to each channel is applied 
through a band-pass filter which deter- 
mines the final over-all bandwidth before 
demodulation. This filter is not shown 
on the block diagram. In Service equip- 
ment, the bandwidth of the filter is 
usually 1000 c/s. The signals are limited 
in amplitude and passed through a 
frequency-discriminating network to 
yield a d-c teletype signal. This signal 
is passed through a low-pass filter to 
remove carrier ripple and higher fre- 
quency noise components and is then 
amplified to a suitable level to operate 
automatic printing or recording 
apparatus. 

1. LIMITER. 

Since at this stage the carrier and 
intelligence frequencies are comparable, 
the transients in the limiter circuit must 
be extremely short to both frequencies. 
To meet these requirements, a transient- 
free limiter of the type shown in Fig. 
19-19 is used. Consider the effect of a 
high-amplitude signal applied through 
capacitor C, to the grid of Vy. Small 
negative voltages cut off the valve and 
so the voltage across R, due to current 
through V; is zero during most of the 
negative half cycle. As the grid swings 
positive with respect to ground, current 
through Vj, increases, increasing the 
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voltage across R, as shown in Fig. 
19-20 (a). R4 is made sufficiently large 
so that at no time does the grid voltage 
exceed the cathode voltage. Thus the 
grid never goes positive with respect to 
its cathode and no charge appears on C; 
which would have to leak off through Rk, 
in accordance with the time constant 
R,C,. Therefore the circuit is instan- 
taneous in its action and no transients 
result. Also the load presented to the 
preceding stage remains constant. 

As the voltage across 4 increases 
because of the positive swing of V;, grid, 
V2 is cut off. V2 is essentially a cathode 
driven stage excited by V, acting as a 
cathode follower. The gain of this stage 
is low because of its small anode resistor 
R;. When the input to V; swings a 
certain amount positive V2 cuts off; 
when the input to V,; swings the same 
amount negative V, cuts off. Therefore 
the action of the limiter is symmetrical — 
about the zero axis, and is both transient- 
free and instantaneous for any abrupt 
changes in amplitude or frequency. The 
waveforms of voltage at the common 
cathode and at the anode of V2 are 
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shown in Fig. 19-20 (b) and (c). To 
achieve the desired degree of limiting, 
two such limiters, joined by a Class A 
amplifier are used. 
2. DISCRIMINATOR. 

The discriminator is of the balanced 
type having two branches allowing dif- 
ferential combination of the two rectified 
outputs. This minimizes the response 
to amplitude modulation not eliminated 
by the filter. Two general types of 
discriminators are used. One consists of 
two band-pass filters centred about the 
mark and space frequencies respectively 
and effectively dividing the total band 
into halves. The other consists of a 
two-branch network, each branch of 
which has a varying amplitude charac- 
teristic extending over the complete 
transmission band and usually well 
beyond. The amplitude-frequency char- 
acteristics of these two branches have 
opposite slopes and are of such shapes 
that differential combination of their 
rectified outputs is an approximately 
linear voltage-frequency curve, passing 
through zero at mid-band. 

A discriminator of the two-band-pass 
type is shown in Fig. 19-21. The input 
from the limiters is applied through the 
coupling capacitor C, to the grids of the 
discriminator amplifiers V; and V2. 
Between grid and cathode of each 
amplifier is a parallel resonant circuit 
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LC; and L.C; for V; and Vz respec- 
tively. One tank circuit is tuned to the 
mark frequency and the other to the 
lower space frequency. 

V, and Vz are fed in parallel via C,. 
The input to each tube consists of the 
voltage developed across its respective 
tuned circuit. Considering V,, the input 
to its grid is via C; in series with a 
portion of Ri, Re, Rs and L; and C; in 
parallel. At the frequency to which L, 
and C, are tuned, their impedance is 
maximum, and the voltage across them 
is Maximum and appears at V, grid. 
At all other frequencies, L; and C2 offer 
only a low impedance; a larger voltage 
appears across a part of Ri, Re and R3, a 
low voltage is developed across L,; and 
C, and at the grid of V;. Thus the output 
of V; is a maximum at the frequency 
to which ZL; and C, are tuned, resulting 
in maximum voltage appearing across 
the primary of 7, its anode load. 
Similarly, in Ve, the other part of Ri, 
R;, Reand C3 and L discriminate against 
all frequencies other than that to which 
C3 and Lz are tuned. The discriminator 
rectifiers, V3; and V4, and their asso- 
ciated load resistors Ry and fo rectify 
the voltages applied to them. The load 
resistors are connected in opposition and 
by-passed by the capacitors Cs and C. 
The two parallel resonant circuits LC, 
and L.C'3 are tuned to the mark and 
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space frequencies; thus during the mark 
condition, the output voltage is of one 
polarity, the space of the opposite 
polarity and the reversal of the polarity 
occurs mid-way between the frequency 
extremities. The response of a dis- 
criminator of this type is shown in 
Fig. 19-22. 

Shown in Fig. 19-23 is a discriminator 
of the two-branch-network type. Dis- 
criminator action is obtained by making 
use of the fact that if, in a series resonant 
circuit, a constant voltage is applied 
across the series inductor and capacitor, 
the voltage across the capacitor de- 
creases with frequency and the voltage 
across the inductor increases with fre- 
quency. Across the secondary of the 
transformer 7; is a bridge network 
consisting of two series resonant circuits 
in parallel, both of which are tuned to 
the cross-over frequency. V, is con- 
nected across Ci, the capacitor in the 
series resonant circuit composed of C, 
and L, while V2 is connected across Ls, 
the inductor in the series resonant 
circuit LZ, and Cy. While the mark or 
higher frequency is being received, the 
frequency of the applied voltage will be 
higher than that to which the series 
resonant circuits are tuned. The voltage 
across the capacitor C, will be lower 
than that across the inductor Ly. Vy, 
will conduct more heavily than will V, 
resulting in a greater voltage being 
developed across resistor R, than Ry, 
the differentially-connected load resistors. 
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When the space frequency is being 
received, the voltage across C, will be 
greater than that across Le, resulting in a 
greater voltage appearing across f, than 
R»,. The response curve of a discriminator 
of this type is shown in Fig. 19-24. 
Because of the almost linear relationship 
between frequency and voltage, this 
discriminator is sometimes referred to 
as the linear discriminator. 

3. Low-Pass FILTER. 

The high frequency components in the 
demodulated output are filtered out by 
the low-pass filter if the noise level is low. 
As the noise level increases, there are 
short periods when the noise level 
exceeds the carrier. The action of the 
limiter is to give preference to the 
greater signal, in this case noise, and 


‘since the noise will appear to the dis- 


criminator as a carrier fluctuation around 
the mid-band as centre, the demodulator 
output momentarily dips toward zero. 
As the noise increases, the duration and 
frequency of these holes increase. The 
low-pass filter, by excluding frequencies 
considerably in excess of the maximum 
signalling speed, prevents these holes 
in the signal from producing false or 
extra transitions in the signal output. 
The low-pass filtering, however, cannot 
prevent the true transitions from being 
displaced by this type of noise component 
since the signal is obliterated momen- 
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tarily. Its most important function is 
to prevent a breakup in the signal until 
a fairly high distortion is reached. 

4. D-C AMPLIFIER. 

The output of the discriminator and 
low-pass filter is the re-created pulse 
that originally keyed the transmitter. 
This signal contains the fundamental 
and third harmonic of the keying signal. 
Thus the output of the filter will 
approach the shape illustrated in Fig. 
19-25. The first stage of the d-c amplifier 
is a non-linear positive-feedback amplifier 
which has but two output conditions 
representing the mark and space. Transi- 
tion between the two conditions is 
caused by reversals about the zero 
voltage axis. When the mark and space 
frequencies are equally separated from 
the discriminator cross-over frequency, 
the output of the first d-c amplifier 
stage will be a symmetrical square wave 
as shown by the solid line in Fig. 19-25, 
with the mark and space of equal length. 
A drift in frequency in any frequency- 
determining circuit causes a change in 
the position of this zero voltage axis, 
and were this change in the d-c level 
applied to the d-c amplifier which keys 
about the zero axis, it would stay in one 
condition longer than the other, resulting 
in an increase in the length of one 
element at the expense of the other, as 
shown by keying about the axis B in 
Fig. 19-25. This type of distortion is 
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known as bias distortion. This effect is 
reduced to a tolerable minimum by 
blocking the d-c component from the d-c 
amplifier input, allowing only the useful 
signalling frequencies to effect its opera- 
tion. Following the first stage, one or 
more push-pull stages are employed to 
amplify the signal to an amplitude 
sufficient to operate the printer. 


B. Frequency-Shift Converter Circuits 


As previously stated, it is customary 
practice to have the mark and space 
correspond to the high- and low-frequency 
excursions respectively. Similarly, it is 
customary to operate the converter and 
the associated receivers in such a manner 
that the high-frequency and low- 
frequency audio outputs of the receiver 
correspond to the mark and space. The 
mark LCR circuit of the discriminator is 
fixed tuned to 2975 c/s and the space 
LCR circuit is made variable to accept 
various degrees of frequency shift. For 
the reception of a transmission in which 
the mark is 850 c/s higher than the space 
transmission, the b.f.o. in the receiver 
is adjusted to oscillate at a frequency 
2975 c/s higher than the receiver i-f for 
mark and 2125 c/s for space. This 
output is applied to the input terminals 
of two identical converter channels. 
Either of these channels, or both, may 
be used as required. The circuit diagram 
of one channel is shown in Fig. 19-26. 
It consists of a two-stage limiter and 
discriminator. 

1. LIMITER. 

From the input terminal the audio 
signal is applied to the grid of Via, the 
first of two limiter amplifiers contained 
in the double triode V;. The limiters 
operate on the overdriven-amplifier 
principle, producing saturation on the 
positive halves of the input cycle and 
cut-off during the negative half cycles. 
Because a second limiter follows the 
first, any amplitude noise or amplitude 


19:26 


Limiters 


FUNDAMENTALS OF RADIO 


Discriminator 


Ont 


Discriminator 
output to d-c 
eit: 


To monitor 


OX 


To monitor 


mad sledl 


Fic.19-26 Limiter and discriminator circuits. 


modulation not removed by the first is 
removed by the second. The output of 
the limiters is essentially a square wave 
when the input is a sinusoidal voltage 
of sufficient amplitude. 

2. DISCRIMINATOR. 

The discriminator is of the two-band- 
pass type, in which Vo, and V4 con- 
stitute the mark channel and Vez and 
Vio form the space channel. Coil Ly 
and capacitor C; are fixed tuned to 
2975 c/s and Lz and Cs tuned to 2125 c/s 
for an 850 c/s shift. Resistors Ris and 
R17 form the differential-detector load, 
by-passed by Cio and Cy;. Ris and Cy, 
a biasing network provided for on-off 
teletype are short-circuited by S_ in the 
F.S. position. 

3. PHAse INVERTER. 

The low-pass filter, phase inverter, 
d-c amplifier and output amplifier cir- 
cuits are shown in Fig. 19-27. The 
discriminator output, which consists of 
a series of positive and negative pulses 
(about 200 volts peak-to-peak for an 
850 c/s shift) recording the intelligence, 
are impressed (via the low-pass filter 
consisting of C1, C2, L; and R1) between 
grid and cathode of the left half of Via 
(Fig. 19-27). The two halves of Viu 
act as an amplifier and phase inverter. 


Circuit components are such that in the 
absence of a signal both halves of the 
valve conduct. With the application of a 
signal, say positive to the grid of the 
left half of Vis, the anode current in 
this section of the valve increases result- 
ing in a decrease in the anode voltage. 
The anode of the left half is coupled 
through R, to the grid of the right half. 
Therefore an increase in the current in 
the left -half produces a decrease in 
current through the right half. This 
results in an increase in the anode 
voltage of the right half of the valve. 
Positive feedback is achieved by direct 
coupling from the anode of the right 
half to the grid of the left half via R:5. 
The action is cumulative to the point 
where high current flows in the left half 
and very low current flows in the right 
half. When the input changes polarity, 
to the space condition, the reverse of 
the above action occurs, with the left 
half conducting lightly, the right heavily. 
The change from one condition to the 
other is extremely rapid, producing 
essentially a square-wave push-pull out- 
put at the anodes of the left and right 
halves of the valve. 

Because the voltage change required 
to initiate the above action is small, 
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about .25 volts, compared to that supplied 
by the discriminator, a large degree of 
limiting exists. For this reason almost 
100 volts of noise peaks may be tolerated 
before the noise can affect the output 
during the mark or space interval. 
During the transition between marks 
and spaces, the only effect. noise can 
produce isto change the duration of a 
pulse by a small percentage. 

4, D-C AMPLIFIER. 

The double triode Vi; comprises a 
conventional d-c amplifier. The cathodes 
are biased positively by the bleeder 
consisting of R; and Ru, the valves being 
alternately driven to cut-off and satura- 
tion by the output of Vi4. The 1-megohm 
current-limiting resistors R; and Rg, pre- 
vent excessive grid current flow when 
the grids are raised above cathode 
potential. 

5. Output STAGE. 

Direct coupling is provided between 
the d-c amplifier and the output valves 
Vigand V,7. To provide for the relatively 
heavy current required to operate a 
teletypewriter two beam power amplifiers 
connected in push-pull are used in the 


output circuit. The input from V5 
is of sufficient amplitude to drive the 
valves successively to anode current 
cut-off and to a conducting condition in 
excess of 60mA controlled by the adjust- 
ment of R, in the screen circuit. No 
grid-current limiting resistors are required 
in this stage because the method of 
coupling makes it impossible for the 
grids to be driven positive to the 
cathodes. Thus one valve is conducting 
while the other is cut off. Current is 
supplied to the line through the con- 
ducting valve, the polar-neutral switch 
S; and ground circuit. Consider first 
the action of the circuit with S; in the 
left hand position, that for polar opera- 
tion. Ry and the teletypewriter circuit 
are placed in parallel with the anode 
load resistor Ri) so that when V4 
conducts, some current flows through 
each of these branches. When Vj; 
conducts, Rio and the teletypewriter 
circuit are effectively in parallel with R, 
and current flows through the teletype- 
writer line in the opposite direction to 
that current from Vi¢. In this way V4. 
and Vi; supply current pulses to the 
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teletypewriter for mark and space polar 
operation. 

With S;, moved to the right, the 
position for neutral operation, V i¢ pro- 
vides all the current for the printer; 
Vi, although not contributing directly 
to the printer operation, draws current 
when Vg is cut off to maintain a nearly 
constant drain on the power supply. 
Resistor Ry) is entirely removed from 
the circuit and the load for Vi¢ in this 
case is the line and the associated 
printer. 

6. Moniror. 

The cathode-ray tube V; shown with its 
associated circuits in Fig. 19-28, is used 
to indicate visually the quality of the 
signal and to show when the receiving 
system is properly tuned to the signal. 
The voltage waveform appearing at the 
anode of the right half of V 14 (Fig. 19-27) 
consists of a series of positive and nega- 
tive pulses corresponding to the marks 
and spaces as shown idealized in Fig. 
19-29 (a). These pulses are differentiated 
by Ci and Ry. Cs effectively grounds 
the lower end of R, at the frequency of 
operation. The sharp positive and 
negative pulses shown in Fig. 19-29 (b) 
appearing across A, are applied to the 
upper deflection plate of the cr.t. If 
the system is adjusted to produce a 
mark on the 2925 c/s input, the change 


of voltage across 4 will be in the 
positive direction moving the spot of 
light rapidly upward on the screen and 
permitting it to fall at the rate of the 
exponential decrease of voltage. Hori- 
zontal-deflection voltage is obtained from 
the discriminator amplifier selected by 
S, When this switch is placed in the 
left hand position, channel | is monitored. 
At the instant of transition from the 
space to mark condition, the spot on 
the c.r.t. moves rapidly from the centre 
of the screen to the upper limit of its 
travel and returns at an exponential 
rate to the centre. At the same time, 
an a-c voltage of 2925 c/s appears at 
the anode of Vos, alternating sym- 
metrically about the zero or earth poten- 
tial, and is applied to the cathode of the 
left hand side of Vis, a double-diode 
rectifier. The anodes of Vi. are biased 
negatively by the power supply so that 
the left hand side of V ;2 does not conduct 
until its cathode is driven sufficiently 
negative to overcome this bias. When 
the left side of V 12 does conduct, negative 
pulses, somewhat less than half a cycle 
in duration, as shown in Fig. 19-29 (c), 
appear across R, and are applied via C; 
across /?; to the left X-plate of the c.r.t. 
The resulting pattern of this combination 
of vertical- and horizontal-deflection volt- 
ages is shown in Fig. 19-29 (d). In spite 
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of the low response of Vog (Fig. 19-26) 
to the mark frequency there is some 
output from this valve and were it not 
for the biasing of Vi. this output could 
appear on the c.r.t. The biasing of Vie 
is sufficient that this does not occur 
during normal operation. In the tran- 
sition from the mark condition to the 
space condition, the exact opposite of the 
above sequence occurs. The anode 
voltage of the right half of Vis drops 
sharply. This in conjunction with Cy 
and R, produces a downward dcflection 
on the c.r.t. Horizontal-deflection voltage 
is now obtained from Vz via the limiter, 
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which is the right hand section of V 4s. 
The resulting pattern for a series of 
marks and spaces is shown in Fig. 
19-29 (e). The fundamental frequency 
of the pulses produced in the five-impulse 
code is approximately 23 c/s. Thus the 
pattern on the tube during the reception 
of a steady signal consists of two flags, 
the 23 ¢/s ripple being barely perceptible. 
When the system is at rest, the pattern 
consists of a straight line extending from 
the centre of the tube to the right or left 
depending on whether it is resting in 
the mark- or space-frequency condition. 
7. PowrER SUPPLIES. 

Two requirements essential in teletype 
operation necessitate an elaborate power 
supply arrangement. Since the lines 
connecting the output to the printer and 
the printer itself are not designed to 
carry high voltages, the output stage 
must operate at or near earth potential. 
Also, because the system must be able 
to stay in either the mark or space 
condition indefinitely, direct coupling 
must be used between stages in the 
pulse circuits. The first requirement is 
accomplished by grounding the positive 
side of the power supply; the second by 
using two full-wave rectifier power sup- 
plies in series. The d-c amplifier stage 
with the power supplies is shown in 
Fig. 19-27. Ri, Re, Rs and R4 form a 
voltage divider tapped at. points which 
maintain the proper voltages between 
the directly coupled stages. The monitor 
c.r.t. power requirements are met by a 
separate transformer and half-wave rec- 
tifier. Because of the low current drain, 
asimple RC filter is adequate. All power 
transformers are provided with adjustable 
taps enabling them to operate from either 
110 or 220 volts, 50 or 60 c/s supply 
lines. 

19.9 Misprinting. Misprinting in a 
radio teletype receiving installation can 
be attributed to three basic types of 
distortion. Fig. 19-30 (a) shows a 
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perfect signal of the five-unit type, each 
unit being of 22 milliseconds duration. 
Radio distortion, illustrated by Fig. 
19-30 (b), is characterized by random 
time shifts of the edges of the signal 
elements. Breaks and indentations of 
the signal shapes may also occur due to 
irregularities of radio transmission and 
other fortuitous fluctuations of the com- 
munications system. Fig. 19-30 (c) 
shows bias distortion, which is the length- 
ening of the space signal at the expense 
of the mark signal, or vice versa. Fig. 
19-30 (d) shows characteristic distortion, 
that is, departure from the vertical in 
the leading edges and trailing edges of 
the pulses. 


A. Radio Distortion 


This subject along with its counter- 
measures is dealt with in preceding 
chapters. However, since the receiver 
cutput in radio teletype is in the form 
of two audio notes, the filtering in the 
audio system requires the special atten- 
tion previously described. It must be 
wide enough to tolerate possible trans- 


mitter or receiver frequency drift. Noise 
signals outside the band are not com- 
pletely eliminated, but due to the filter 
transients are re-introduced as signals 
of much lower amplitude. 

In addition to band-pass filtering in 
the audio channel of the system, low-pass 
filtering of the discriminator output can 
attenuate noises of frequencies higher 
that that required to produce false 
printing. The circuits following the 
low-pass filter are designed to operate 
with an input consisting of a fundamental 
and third harmonic. An upper limit of 
100 c/s is a common figure in Service 
equipment. 


B. Bias Distortion 


Bias distortion, by definition, is the 
lengthening of the mark or space signal 
at the expense of the other. It is expressed 
in percentage as 

mark length —space length 
mark length+space length 
For an acceptable minimum number of 
errors, teletype signals can contain no 
more than 5% bias. Distortion of this 
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type, provided that the transmitted 
signal is undistorted, originates in the 
converter stages. Fig. 19-31 shows how 
the sides of the waveform are sloped 
and the corners rounded off in the 
interest of reducing high-frequency 
transient radiations. The transition 
from the mark to the space frequency 
is not instantaneous, but requires a 
finite period of time designated by the 
distance ab on the diagram. Ideally, 
the transition from one condition to the 
other should occur midway between a 
and b. Failure in this respect produces 
bias distortion and results from two 
causes. 

The first condition is illustrated in 
Fig. 19-32. If either the local oscillator 
or the b.f.o. frequency changes, the 
audio frequencies corresponding to the 
marks and spaces will also change, 
resulting in an output from the dis- 
criminator which is not symmetrically 
centred about the zero level. Although 
the d-c component of this voltage is 
blocked, the reversal of polarity occurs 
at a point on the wave where the length 
of one element is shorter than the other. 
Thus, for the conditions illustrated in 
Fig. 19-32 (a), the converter would 
produce a signal in which the spaces are 
longer than the marks as shown in 
Fig. 19-32 (b). A limited contro] over 
this type of distortion can be effected 
by discriminator tuning and bias adjust- 
ment in the d-c amplifier; however, its 
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prevention rests primarily in a high 
degree of stability in all the frequency- 
determining circuits in the system. 

The second source of bias distortion 
is in the circuits following the discrimina- 
tor. The first stage of these circuits must 
be extremely sensitive to changes in the 
polarity of the discriminator output, 
positive feedback being utilized to achieve 
this end. Also, it must be equally 
responsive to changes of polarity in both 
directions. The ideal condition is achieved 
when the stage following the discrimina- 
tor changes from the mark to the space as 
the discriminator output passes through 
zero as shown by the solid lines in Fig. 
19-33 (a) and (b). When the response 
of the circuit is not symmetrical, that is 
when it changes from one condition to 
the other at a voltage other than zero, 
as shown at a and b in figure 19-33 (a), 
distortion results as shown by the dotted 
lines in Fig. 19-33 (b). 

Component tolerances are such that it 
is difficult to assemble a circuit which 
will meet the stringent requirements out- 
lined above, and impossible to design 
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one which will continue to meet them. 
To compensate for these inaccuracies, 
the circuits include a variable balancing 
component to maintain bias distortion 
at an acceptable minimum. 

The circuit following the discriminator 
provides sufficient amplitude to over- 
drive the succeeding stage. The sloping 
sides of the impulses are reduced to a 
negligible degree, thereby eliminating the 
possibility of further distortion of this 
type. 


C. Characteristic Distortion 


Characteristic distortion is the result 
of reactances in relay solenoids and 
transmission lines and is dealt with in 
Chapter XVIII. 


19.10 Regeneration. It has been 
found that, disregarding the human 
element, but including propagation con- 
ditions and technical efficiency of the 
equipment, radio teletype should be 
capable of giving an efficiency factor of 
.85. However, due to inherent mechanical, 
electrical and propagation conditions, it 
becomes increasingly difficult to reach a 
unity factor by this means of communi- 
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cation. This factor can be approached 
to an estimated .98 by reducing all 
mechanical and electrical distortion to 
zero, leaving only the propagation con- 
ditions to introduce distortion into the 
system. The propagation conditions 
cannot be remedied, but the electrical 
and mechanical distortion in automatic 
radio reception can be effectively elim- 
inated by the use of a regenerator. 

The regenerator is fitted between the 
radio teletype converter and the teletype 
machine and automatically injects cor- 
rectly timed pulses to take the place of 
those distorted by mechanical, electrical 
or propagation conditions, provided that 
a small part of the original pulse is 
evident. It is estimated that a completely 
faded signal under multi-path conditions 
should occur approximately 2% of the 
entire communication period, providing 
the correct frequencies are chosen, bring- 
ing the reception factor to approxi- 
mately .98. 

Two types of regenerators are in use, 
first the regenerative repeater whose 
operation is largely mechanical, and 
second the electronic regenerator. In 
radio teletype installations in the Service 
the electronic type is used. 


A. Block Diagram 


A block diagram of an _ electronic 
regenerator is shown in Fig. 19-34. This 
regenerator is specifically designed to 
correct for bias distortion in teletype 
signals and, when correctly adjusted, 
mark and space bias distortions of 45% 
are corrected to less than 5% at the 
output. While the regenerator com- 
pensates for considerable distortion in 
teletype links, there are some conditions 
which may cause faulty operation of the 
regenerator itself. The chief causes of 
faulty operation of the regenerator are 
listed below. 

(i) If there is a missing start pulse due 

to fading of a signal, the regenerator 
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will be started by the following 

intelligence pulse and will print 

errors for a few characters until 

the regenerator corrects itself. 
Gi) If the start pulse is too short in 
duration (less than 10 msec. for 60 
words per minute) it will be treated 
as noise and intercepted by the 
regenerator so that a following in- 
telligence pulse longer than 10 msec. 
will act as the start pulse and errors 
will be printed for a few characters. 
If there is a missing intelligence 
pulse, or if there is a split or knock- 
out in one of the intelligence pulses 
at the point where sampling occurs, 
an error will be printed. 
If the speed of the incoming signal 
changes, the amount of bias distor- 
tion that can be accepted by the 
regenerator will be reduced. Since 
the change in speed would appear 
as an increase in distortion to the 
operator, provision is made on the 
regenerator for the operator to per- 
form periodic speed checks. 

The electronic regenerator is intended 

to perform two general functions. The 


(iii) 


(iv) 


first is to regenerate single-channel tele- 
type signals before operating a teletype- 
writer. The second is to regenerate 
diplex-teletype signals to single channel 
form for the operation of a teletypewriter. 

Diplex operation is a method of doubl- 
ing the traffic capacity of a teletype 
circuit. The two messages to be trans- 
mitted are tape-recorded and applied 
simultaneously to the single channel. 
The normal start and stop pulses are 
transmitted but each of the five selecting 
pulses is divided in halves. The first half 
of each pulse of the five normal pulses 
carries the intelligence of one tape 
recording, while the second half carries 
the intelligence of the other. At the 
receiving terminal the received intelli- 
gence is again recorded by two tape 
reperforators which are kept in syn- 
chronism by the start and stop pulses. 
One recorder is oriented to receive the 
first half-pulses while the other is oriented 
to receive the second half-pulses. The 
traffic capacity is doubled, for example, 
from a normal 60 to 120 words per 
minute. 

In addition to normal pulse types of 
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Fic.19-36 Waveforms in electronic regenerator 
circuit (a) Teletypewriter signals (b) Voltage to 
grid of Vsa (c) Voltage at anode of Vs5a (d) 
Voltage applied to grid of Vga (e) Voltage at 
cathode of Vsa (f) Voltage at cathode of Vz 
(g) Voltage at anode of Ver (h) Voltage at control 
grid of Vee (i) Voltage at anode of V7a (j) Voltage 
at anode of Vzz (k) Voltage at grid of Vz (1) Volt- 
age at cathode of Vz (m) Anode current of Vos to 
solenoid (n) Line current through relay contacts. 


mark and space teletype signals, pro- 
vision is made for the application of 
keyed tone operation. In this type of 
operation the mark and space conditions 


4 Re. 
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are indicated by the presence or absence 
of an audio tone or vice versa. Although 
this method is not normally used in 
radio teletype operation, it is frequently 
used in land-line systems. 


B. Regenerator Circuit 


Fig. 19-35 is the circuit diagram of the 
regenerator; reference should be made 
to it and Fig. 19-36 waveforms through- 
out the following discussion. 

1. InpuT AND AMPLIFIER CIRCUITS. 

Vi, Ve and V3 are utilized in the 
amplifier to secure a d-c voltage to 
operate the following trigger circuit from 
tone inputs. The d-c input circuits present 
suitable impedances to the d-c input 
lines. 

2. Tone INPUvT. 

Switch S; is placed in the positive 
ground position for all tone input keying. 
Keyed tone input to the regenerator is 
applied to the primary of the input 
transformer 7’, which has a nominal 
impedance of 600 ohms. Resistors Ro, 
R, and Rs; form a fixed attenuating 
network at the secondary of 7, to 
prevent overloading amplifier V ,4.Switch 
So, set to TonE connects the output of 
T, to the grid of V 14 via input attenuator 
For diplex operation, switch S, is 
thrown to DipLex thus disconnecting 
resistor R». from across the secondary of 
T,. This reflects an impedance of 1200 
ohms to the primary so that when two 
regenerators are connected in parallel for 
tone input, the impedance is again 600 
ohms and the operating level of the 
regenerators is relatively unchanged from 
that for simplex operation. Vi, and 
Vig provide amplification of the tone 
signal so that low-level input signals 
will still operate the regenerator. Output 
from V1, is capacitively coupled through 
capacitor C; to the series limiter Vo. 
V2 is a dual diode series limiter which 
provides relatively uniform output with 
changing input levels. V» operates to 
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clip the top off both the positive and 
negative halves of the sine wave input 
at a predetermined level as follows. The 
anodes of V2 are returned to a slightly 
positive point (junction of Rio and Riz) 
through resistor Ri, so that current 
flows in both sections of the valve. 
Signals of relatively small amplitude 
applied to the input cathode of V»2 are 
then passed to the output cathode with- 
out clipping. As the signal level is 
increased, a certain amplitude is reached 
where the voltage on the positive peaks 
of the sine wave applied to the input- 
cathode exceeds the static anode-to- 
cathode voltage. When this amplitude 
is reached, the valve ceases to conduct 
and clipping on the positive half of the 
wave results. The voltage developed 
across FR, is applied via Veg to the grid 
of Vig. On the negative half cycle the 
anode of Veg becomes negative to its 
cathode causing Vez to be cut off. This 
produces squaring of the negative half 
of the cycle at the grid of Viz. By 
proper selection of Rs, Ri; and Ri; 
symmetrical clipping of the positive and 
negative halves of the signal is achieved. 
Output from the limiter Vs», is further 
amplified by triode Vi, which is trans- 
former coupled to V3. V3 is a full-wave 
rectifier whose function is to supply a 
d-c voltage to operate the following 
trigger valve V4. Resistor Rig loads the 
secondary of 7 to reduce phase shift 
through the transformer. Keying switch 
S3 is connected so as to secure either a 
positive or negative output from V3. 
In the normal position of S; the centre 
tap of transformer TJ. secondary is 
grounded and a negative output at the 
junction of R,; and Ris is secured to 
operate the trigger valve. In the reverse 
position of S; the anodes of V3 are 
grounded and a positive output at the 
junction of Ri; and Ris is secured. 
Capacitor C2 provides filtering of the 
rectified signal. 
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3. D-C INPUvT. 

When polar or neutral d-c keying is 
applied to the regenerator instead of 
tone input, switch S; must be set to 
D-C and switch S, located in the 
rear of the chassis is set to its proper 
position for positive or negative ground. 
The NormMat-REVERSE switch S; should 
be in Normau for all d-c keying. The 
input attenuator resistor MR, is then 
connected between the input line and 
the input to trigger valve V4. For 
neutral simplex operation switch S; in 
the NorMAL position connects resistor 
R3 in parallel with resistor &, across the 
input terminals to present an impedance 
of 310 ohms. For diplex neutral operation 
the d-c inputs of two repeaters are 
connected in parallel and switch 8S, is 
set to DipLex disconnecting resistor R3. 
The input impedance of each unit is 
now 620 ohms and the paralleled imped- 
ance is 310 ohms. For polar simplex 
operation, resistors R, and R7; present a 
1240 ohm input impedance balanced 
to ground. When two regenerators are 
connected in parallel, the polar input 
impedance is 620 ohms balanced to 
ground. Input attenuator Re.» provides 
a means of adjusting the level to the 
following trigger valve V, for either tone 
or d-c input to the regenerator. 

4. TriaGeR CIRCUIT. 

The trigger circuit is provided to 
accept the d-c input signals from either 
the rectifier valve V3 or directly from 
the d-c inputs and provides a stable 
square wave teletype signal voltage at 
the trigger output. A uniform square 
voltage is essential for optimum opera- 
tion of the following sampling pulse 
generating circuits and gating circuits. 
Trigger valve V, utilizes a direct-coupled 
flip-flop circuit to secure a square wave 
voltage across the output load resistor 
Re. Threshold action is secured in V4 
by a negative bias at the grid of Vaz 
so that random input voltages below 


TELETYPE 


the level necessary to trigger the valve 
will have no effect on the circuit. 

Keying switch S3 shorts out resistor 
Res when set for normal keying. This 
puts the grid of V4z at a negative poten- 
tial, no anode current flows and the neon 
lamp FE, is on. Voltage of about 18V 
is now developed across resistor Ro». 
When the signal is applied to the regener- 
ator as during a stop mark, a negative 
voltage is applied to the grid of Vay. 
This reduces the anode current causing 
the anode potential of Vs4 and the grid 
of Vaz to swing positive. Anode current 
flows in Vap, the anode voltage drops 
below the operating potential required 
for neon lamp £;, and the voltage across 
Res drops to zero. Since application of a 
negative voltage to the grid of Va, 
causes an increase in the anode current 
of Vag, the current through the common 
cathode resistor R24 increases, causing 
the cathode bias voltage to increase. 
The effect on V4, is in the same direction 
as the application of the initial negative 
voltage to the grid so that a regenerative 
action results and a very steep drop off 
in voltage across Re. occurs. Upon 
removal of the negative voltage to the 
grid of V44, the circuit drops back to 
its original state very rapidly due to the 
regenerative cathode coupling. Thus 
neon lamp £, is turned on instantly. 
Capacitor C3 speeds up the action of 
the trigger circuits so that the rise and 
decay time of the voltage developed 
across Re is very small (less than 
25 msec.) 

When keying switch S; is set to 
reverse, resistor R25 is inserted in the 
grid circuit of Vag so that Vg normally 
draws current. The voltage at the anode 
of Vaz is below the operating potential 
of E, and no voltage is developed 
across Res. Switch S; also connects a 
positive output voltage from rectifier 
valve V; to the grid of Via. The inverse 
tone input signal will now have tone 
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during the start pulse so that a positive 
d-e voltage will be applied to the grid 
of V44. The anode current of Va, will 
increase causing the voltage at the 
anode of Vi, and at the grid of Vu, to 
swing in a negative direction. Valve 
V 4p 1s thus biased off causing the voltage 
at the anode to swing positive. Neon 
lamp £, turns on and a voltage is 
developed across Re. as before. The 
keying switch S; thus provides the same 
output keying across Re. regardless of 
whether the tone input is normal or 
reverse. The output keying across Roe 
is reverse (on during the start period) 
and is used to operate the following 
circuit. When d-c keying is applied to 
the regenerator, the input may be either 
positive or negative on stop mark. 

5. SAMPLING PuLSE GENERATING 

CIRCUITS. 

Six sampling pulses, each of 1 msec. 
duration, are required for sampling the 
six teletype pulses used to transmit each 
character. These pulses are generated 
and adjusted for timing in V;, V»5 and 
V, Vsand V¢ are one-shot multivibra- 
tors of the cathode-coupled type. Vz is 
a free-running multivibrator when it is 
gated on by Vs. The sampling pulses 
are secured by differentiating the output 
of V;. The speed control varying the 
frequency of V; determines the spacing 
between sampling pulses (nominally 22 
msec. for a speed of 60 words per minute). 
Gate valve V. determines the number of 
sampling pulses. V; and its associated 
range control vary the position of the 
sampling pulses in respect to the teletype 
signal pulses. 

6. Lag Circuit. 

The trigger output signal developed 
across load resistor Reg is differentiated 
by capacitor C, and resistor R27 to 
provide a positive pulse to trigger the 
grid of the lag valve Vs4. Vsz normally 
conducts current due to the connection 
of its grid through Rs. and R33; to a 
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positive voltage. Vs, is then biased off 
due to the voltage developed across the 
common cathode resistor R3:. When a 
positive pulse of sufficient amplitude is 
applied to the grid of Vs54, the circuit 
triggers into a state where V54 conducts 
and Vs, does not. After a time interval 
dependent mainly on the capacitance 
of Cs. and the resistance of R33, the 
circuit triggers back to its normal 
state with V5, conducting current. The 
voltage at the anode of V;4 drops to 
about 100 volts when the circuit is 
triggered, and suddenly shifts back to 
the + H.T. value at the end of the 
cycle. The change of voltage in a 
positive direction is differentiated by 
capacitor Cs and resistor R34 plus R35 
to supply a trigger pulse of proper 
amplitude to trigger gate valve V.. This 
trigger pulse is gated by Vg, before 
being applied to the grid of Ve4. Range 
control R32 is a variable resistor in the 
timing circuit of V; and thus functions 
to change the operating time of Vs. 
Thus a delay between the leading edge 
of the start pulse and the first sampling 
pulse is made adjustable from about 
2 msec. to 20 msec. For operation at 
75 and 100 words per minute switch 
S44 connects appropriate values of capa- 
citors (C, or C;) into the timing circuit 
of Vs; so that operation of the range 
control is approximately the same for 
teletype signals at speeds of 60, 75 or 
100 words per minute. 

7. GATE CIRCUIT. 

Gate valve Vg. utilizes a one-shot 
multivibrator circuit similar to that of 
Vs except that its operating time is 
much _ longer. Vs accomplishes two 
major functions. 

(i) Muitivibrator V; is turned on and 
off. 

(ii) Lag valve V;; is rendered inoperative 
until the following stop mark. 

The operating time of V, is determined 

primarily by capacitor Cy and resistors 
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R43, Rag and R3g4. For speeds of 75 or 
100 words per minute switch Sa, con- 
nects capacitors Cio or Cy; into the 
timing circuit of V; to provide proper 
operation of the circuit at different 
teletype speeds. Variable resistor R3s4 
is part of a three-gang variable-resistance 
speed control and smoothly varies the 
timing of V; about +10%. Sections 
R3sp and R3gc of the speed control vary 
the frequency of the multivibrator V; 
in unison with the timing of gate valve 
V., so that for any setting of the speed 
control only 53 cycles of the multivibra- 
tor occur. The speed control nominally 
provides for +10% variations in speed 
for speeds of 60, 75 or 100 words per 
minute selected by switch S,4. Variable 
resistor Ry: provides a fine adjustment 
of the timing of Vs so that variable 
resistor R3g4 tracks properly (gates only 
53 cycles) with R3sg and R3sc. Multi- 
vibrator V; is turned on for 5% cycles as 
follows. V; utilizes a symmetrical 
multivibrator circuit with the exception 
of resistor Rag between R3sz and + H.T. 
Neglecting resistor R4s, resistors R3sz 
and Rs, form a divider network be- 
tween + H.T. and ground with the 
grid of V74 connected to the junction of 
Rag and R39. An equal resistor network 
from +H.T. to ground consisting of 
Rssc, Rsz and Ra; has the grid of Viz 
connected to the junction of Rs: and 
Ray. Equal anode resistors Ray and R50 
and equal coupling capacitors C14 and 
C7 provide a symmetrical circuit which 
will operate at 45.45 cycles per second 
(nominal for 60 words per minute) if gate 
valve Vis out of the circuit. When gate 
valve Vg is in the circuit, Vez conducts 
current due to the connection of its grid 
to +150 volts through resistors R43, Raz 
and R3s4. The voltage at the anode of 
Vez is then below 100 volts due to the 
voltage drop across the anode resistor 
Ras. The voltage at the grid of Vz 
is now considerably below the voltage 
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at the grid of Vz,, since the resistor net- 
work connected to the grid of Vz4 con- 
nects the grid to a positive potential of 
22.5 volts, while the resistor network at 
the grid of V7, connects it to a potential 
of 50 volts. Under these conditions V7, 
conducts considerable current causing 
sufficient voltage drop across the com- 
mon cathode resistor R4 to bias off 
Vz4, and V;, does not oscillate. At the 
moment V¢ is triggered by a pulse from 
lag valve V;, the output section of Vz 
(Vez) ceases to conduct and multivibra- 
tor V7 starts to oscillate. To make sure 
that oscillations start immediately in Vz, 
capacitor Cy, and resistor Ra apply a 
pulse from the anode of V¢g to the grid 
of V7, at the moment of starting. 
Capacitor C13 applies positive pulses at 
each half-cycle point from the anode of 
Vi, to the grid of Veg. At the time of 
the sixth positive pulse, the voltage at 
the grid of Veg is nearly to the point 
where the valve will trigger back to its 
stable state with Veg conducting. The 
sixth positive pulse causes this triggering 
action to occur so that Vs, always 
triggers off at the 53 cycle point of the 
multivibrator operation and in_ turn 
shuts off the multivibrator until the gate 
valve V., is again triggered on by the 
lag valve V;. Capacitors Coo, C2: and 
Co. in the multivibrator circuit help to 
stabilize the frequency of oscillation. 
Capacitors C;; and Cys provide the 
proper frequency of operation of valve 
V, for a speed of 75 words per minute. 
Capacitors Cig and Cy 9 provide the 
proper frequency of operation of V; for 
100 words per minute. 

Lag valve V; is rendered inoperative 
by gate valve V¢ after the start pulse in 
the following manner. The grid of -V 54 
is returned to the cathode of V. through 
resistors Ros, Ro; and Res. . When the 
valve Vg is in its off state (Veg conduct- 
ing current), a positive voltage is de- 
veloped across the cathode resistor of V5 
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so that the grid of V5,4 is just biased off. 
Under these conditions, a positive pulse 
of normal amplitude is sufficient to 
trigger the grid of Vs4. When Vg is 
triggered from V;, Ve, conducts while 
Vez does not. Since the anode resistor 
of Ves is much larger in value (Ra; = 
33,000 ohms) than the anode resistor of 
Ves (Rag = 10,000 ohms), the voltage 
across the cathode resistor R37 will be 
much less when gate valve V5 is on 
than when it is off. Thus the grid of 
Vs, will be returned to a much more 
negative point with respect to its cathode 
when the gate is on than when the gate 
is off. Under these conditions the pulses 
following the start pulse, although applied 
to the grid of V5,4, are not of sufficient 
amplitude to trigger the circuit. About 
20 msec. after the gate valve turns off 
(Ves conducts current), the lag valve V; 
is again capable of being triggered by 
the first pulse applied to the grid. The 
20 msec. delay is caused by capacitor 
C and resistor Regs. At 100 words per 
minute this delay is reduced by shunting 
Res by Res to reduce the RC time 
constant. The purpose of the delay is 
to permit the regenerator to recover 
quickly if a start pulse is missing and 
the gate cycle is started by a following 
pulse. 

8. CoINCIDENCE GaTE CIRCUIT. 

Vs, performs the function of prevent- 
ing random pulses of noise at the regener- 
ator input from triggering the gate circuit 
providing the noise pulses are somewhat 
shorter than half the normal starting 
pulse duration. Vs, provides the circuit 
in which the teletype signal pulses are 
sampled by the one msec. pulses from 
the multivibrator and thus determines 
whether a mark or space is to be pro- 
duced by the output of the regenerator. 

Vs4 is one half section of a double 
triode which is connected as a cathode 
follower. The valve is normally biased 
off by cathode resistor R35 and resistor 
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Ris connected between cathode and 
+H.T. The grid of Vea is connected 
through resistor R3; to the gating volt- 
age developed at the output of V4 and 
also receives pulses from lag valve Vs 
through capacitor Cs and resistor F3q. 
At the time of the teletype start pulse 
the gating voltage of +17 volts is 
applied to the grid of Vs, so that the 
valve is biased just beyond cut-off. A 
pulse now applied through capacitor Cs 
and resistor R34 to the grid will cause 
anode current to flow and the pulse will 
appear at the cathode. If the pulse is 
applied to the grid of Vs4 when there is 
no gating voltage, Vs, will be biased so 
far beyond cut-off that the amplitude 
of the pulse will not be sufficient to 
cause anode current to flow and the 
pulse will not appear at the cathode. 
Assuming a random pulse of 8 msec. 


duration is applied to the regenerator, - 


this pulse will cause a gating voltage of 
eight msec. duration to be applied to 
the grid of Vg4. The pulse to the grid 
of Vs, through capacitor Cs under nor- 
mal setting of the range control at 60 
words per minute operation will not 
occur until 11 msec. after the start of 
the 8 msec. gating pulse. The pulse 
through capacitor Cs will thus occur 
three msec. after the gating voltage has 
ceased and will not appear at the cathode 
of Vg, to trigger the following gate valve 
V.. As long as Ve is not triggered, no 
output can be secured from the regen- 
erator. 

9. SAMPLING GATE. 

Vsz is connected in a similar circuit to 
that of Vs,. Cathode-to-ground resistor 
Re. and cathode-to--+H.T. resistor R53 
bias Vez far beyond cut-off. The output 
from the multivibrator V; is differen- 
tiated and applied to the grid of Ves 
through capacitor C23. Gating voltage 
to the grid of Vz is applied through 
resistor Rs, so that when the +17 volts 
is on, as during the start pulse, the 
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positive differentiated multivibrator pulse 
causes anode current to flow in Vg, 
and a positive pulse appears at the 
cathode to drive the regenerator valve 
Vy». Resistor Rg: prevents the differen- 
tiated multivibrator pulse from feeding 
back into the source of the gating 
voltage across resistor Res with sufficient 
amplitude to cause any interlocking in 
operation. When there is no gating 
voltage applied to Veg, the pulse from 
the multivibrator is not of sufficient 
amplitude to cause anode current to flow 
and the pulse does not appear at the 
cathode. Resistor #5; limits the ampli- 
tude of the multivibrator pulse to secure 
the desired operation. 

10. REGENERATOR CIRCUIT. 

The regenerator circuit provides the 
output teletype signals in normal keying 
form and with less than 5% distortion. 
The one-shot multivibrator regenerator 
circuit employs Vo, and is normally 
excited so that relay Ky, has its contacts 
closed during any steady input condition 
of the regenerator. When a teletype 
signal is applied to the regenerator, a 
positive pulse is impressed on the grid 
of Vo, from the cathode of the sampling 
gate valve Vs, every time a space pulse 
occurs. With normal adjustments for 
60 words per minute, V4 will trigger into 
its unstable state upon application of 
the positive trigger pulse and remain in 
this state for about 19 msec. before 
triggering back to the stable state. This 
operating time interval is determined 
primarily by the values of capacitor Cos, 
resistor R55 and R54. Resistor R54 is the 
distortion control and permits adjust- 
ment of this time by at least +10%. 
At the instant Vo, is triggered by the 
pulse from Vez, Vog ceases to conduct 
and the relay K, opens within 2 msec. 
Assuming there is no space pulse follow- 
ing the start pulse, the current will not 
be applied to the relay again for 19 
msec. and the relay coil characteristics 
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are such that the contacts will not close 
for five msec. after the current has been 
applied. The total time the relay con- 
tacts are open can be calculated from the 
following formula. Contact open time 
equals circuit operating time minus time 
for contacts to open plus time for con- 
tacts to close. The relay contact time 
thus can be evaluated at 19—2+5 or 22 
msec. which is the correct time of a 
space signal. A second pulse 22 msec. 
after the first pulse will trigger V, from 
the sampling gate valve Vgz. There will 
be a three msec. period when the relay 
coil is energized under these conditions 
(22 msec. between pulses to circuit minus 
19 msec. operating time of circuit). 
However, since the relay requires five 
msec. to close after being energized, the 
contacts will not close at all and a 


19.11 Questions and problems. 


1. State three advantages of teletype 
over telegraph as a means of com- 
munication. 


2. Describe with the aid of a diagram 
the current variations in the teletype 
line required to transmit the letter B. 


3. Explain briefly how the start-stop 
mechanism operates in the seg- 
mented-ring distributor when a key 
is struck. 


4. Explain why a 10% variation in 
speed of the receiving brush assembly 
(Fig. 19-4) is unlikely to cause 
printing errors. 


5. Describe briefly the function of each 
of the following components of a 
rotating-cam teletypewriter 
(a) universal bar 
(b) clutch 
(c) locking levers 
(d) lock-loop cam. 
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44 msec. space will result from the relay 
contacts. In this fashion the relay will 
produce undistorted teletype signals at 
the contacts which will depend only on 
the regenerator valve Vy receiving the 
1 msec. driving pulses from the sampling 
gate circuit. C2; and Cog are selected by 
speed switch S4, to provide proper cir- 
cuit timings at 75 and 100 word per 
minute operation. Capacitor Cs; and 
resistor 25, determine to some extent the 
operating time characteristics of relay K,. 
Capacitor Css; and resistor Rego form a 
decoupling network in the +H.T. supply 
to V>. More uniform operation of the 
circuit is thereby achieved. Jack J3 
provides connection for a monitor tele- 
typewriter. Coy and r-f choke Ly» pre- 
vent radiation of excessive noise voltages 
generated by the contacts of relay Ky. 


6. Describe the function of the sword 
of Fig. 19-9 during the reception of 
a mark impulse. 


7. How does the use of perforated tapes 
add to the efficiency of teletype 
communication? 


8. Explain the purpose of each of the 
following 
(a) perforator 
(b) reperforator. 


9. Differentiate between chad and 
chadless tapes. 


10. What is the function of a transmitter- 
distributor? 


11. Express a speed of 45 words per 
minute in c/s and in bauds. 


12. Why is frequency-shift keying pref- 
erable to other methods of modula- 
tion in radio teletype service? 


13. What is the meaning of the term 
phantom carrier? 


: 
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14. 


15. 


16. 


ve 


‘(d) 


State the mark and space frequencies 
which would be radiated from a 
radio teletype transmitter operating 
with a phantom carrier frequency of 
7685 Ke/s. 


Make a block diagram to show the 
equipment required for 


(a) the transmitting terminal 


(b) the receiving terminal of a radio 
teletype link. 


State the purpose of the keyer unit 
and of the converter unit in a radio 
teletype system. 


Draw a block diagram of a com- 
munications receiver and indicate 
at what frequency each stage will 
be operating during the reception of 
mark and space signals, given the 
following frequencies 


(a) 
(b) 
(c) 


phantom carrier, 8.5 Mc/s 
frequency swing, 850 c/s 
i-f, 750 Ke/s, with local oscillator 


operating above the carrier 
frequency 


audio notes of 2975 c/s for mark 
and 2125 c/s for space signals. 
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18. 


Le), 


20. 


Pile 


22. 


23. 


24. 


25. 


26. 


27. 


OF RADIO 


Explain how the frequency-shift 
keyer of Fig. 19-16 produces stabilized 
mark and space signals with a phan- 
tom carrier of 345 Ke/s. 


What advantage is gained by the 
use of space-diversity reception? 


Distinguish between space-diversity 
reception and frequency-diversity 
reception. 


Draw a diagram and explain the 
action of a two-band-pass dis- 
criminator. 


Why is direct coupling required in 
the amplifier stages of a radio tele- 
type converter? 

Explain the origin of bias distortion 
and characteristic distortion. 

What is the effect of bias distortion 
on the operation of the teletype- 
writer? 

How may bias distortion be corrected? 


What is the purpose of a teletype 
regenerator? 


Draw a block diagram of an elec- 
tronic regenerator and state briefly 
the function of each component. 
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COLOR CODES 


1. Resistors. 


ae: all E24 & 
Body Band End Ist 2nd 3rd 


band band band 
spot 


Resistance in Ohms 


SIGNIFICANT DECIMAL 


, TOLERANCE 
CoLor FIGURE MULTIPLIER 


C D 


Black 
Brown 
Red 
Orange 
Yellow 
Green 
Blue 
Violet 
Grey 
White 
Gold 
Silver 
None 


1 
10 

100 

1,000 

10,000 
100,000 
1,000,000 
10,000,000 
100,000,000 
1,000,000,000 


OONOaAhWNHHY OC] > 
OONDANKRWNK OC!D 


2. Mica capacitors. 


®O ® ® © 
© © 
(b) (c) 
| @ 
@®OO® ®®O@O ee 
® ® O 
(b) (d) (f) 
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Black 


Brown 
Red 
Orange 
Yellow 
Green 
Blue 
Violet 
Grey 
White 
Gold 
Silver 
None 


SIGNI- 
FICANT 
FIGURES 


A 


B 
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Capacitance in Micromicrofarads 


DECIMAL TOLER- VOLTAGE 
MULTIPLIER ANCE RATING 


D 


OOnNnanrwnd re © 


OMONooarhwndrH © 
CONOR WNHF © 


3. A-f transformers. 


Anode 


Blue 
Red 


Blue or br 


(start) 


1 
10 
100 
1,000 
10,000 
100,000 
1,000,000 
10,000,000 
100,000,000 
1,000,000,000 

0.1 
0.01 


Green 


Grid (or high side 
of moving coil) 


Secondary 


Return (or low side 
ee ee ees of moving coil) 


Green or yellow 


(start) Grid 


The portion above dotted line applies to single primary 
and/or secondary transformers 


—anode (finish) lead of primary 
—-+H.T. lead 

Brown—anode (start) lead on centre tapped primaries (blue may be used for 
this lead if polarity is not important) 
Green —grid (finish) lead to secondary 
Black —grid return (this applies whether the secondary is plain or centre 
tapped) 
Yellow—grid (start) lead on centre tapped secondaries (green may be used 
for this lead if polarity is not important) 
Note: These markings apply also to line-to-grid, and valve-to-line erdnateeaee 
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Dot 
CoLorR 


Black 
Brown 
Red 
Orange 
Yellow 
Green 
Blue 
Violet 
Grey 
White 
Gold 
Silver 
None 
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4. I-f transformers. 


Anode Blue pues Grid or diode anode 
Primary Secondary 
Green and black pPuj|-wave diode 
+H.T. Red Grid or diode return 
Blue —anode lead 


Red —-+H.T. lead 

Green —grid (or diode) lead 

Black —grid (or diode) return 
Note: If the secondary of the i-f transformer is centre tapped, the second diode 
anode lead is green and black striped, and black is used for the centre tap lead. 


5. Power transformers. 
Yellow 


Yellow and blue 
Yellow 
Red 


Rectifier filament 


Bl 
enh Redand-yohow Rectifier anodes 


Primary 


wali 


Red 
Green 
Green and yellow 


Black and yellow (tap) 
Amplifier filament No. 1 


li 


Green 
Brown 
Brown and yellow 


Black (finish, if untapped) 
or 
Black and red (finish, if tapped) 


Amplifier filament No. 2 


HH 


Brown 
Slate 


SEMIS Amplifier filament No. 3 


t 


Slate 


Black —primary leads; common, if tapped 
Black and yellow—tap 


Black and red —finish, if tapped 


Red —high voltage winding; rectifier anode winding 
Red and yellow —centre tap 

Yellow —rectifier filament winding 

Yellow and blue —centre tap 

Green —amplifier filament No. 1 

Green and yellow—centre tap 

Brown —amplifier filament No. 2 

Brown and yellow—centre tap 

Slate —amplifier filament No. 3 


Slate and yellow —centre tap 
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6. Loudspeaker. 


Voice coils: Green—finish 
Black—start 

Field coils: Black and red—start 
Yellow and red—finish 
Slate and red—tap (if any) 


7. Colour system used in Service circuit diagrams 


Black —Cathodes which are not at H.T. 
Switches, Keys, Jacks, Headphones, Speakers, Microphones and 
Relays. 
Cores of transformers. 
Arrows of variable capacitors, variometers, couplings. 
Outline of boards, panels, etc. not acting as screens. 
Cathodes of indirectly heated valves. 
Blue —Aerial circuits. 
Negative busbars and negative of main d-c supplies. 
Heater circuits of indirectly heated valves. 
Red —H.T. supplies. 
Anode circuits and screen grid circuits. 
Cathode of rectifier valve (at H.T.). 
Positive busbars and positive of main d-c supplies. 
Green —Grid circuits. 
Brown—A-f output circuit. 
A-c low tension circuits. 
Secondary of induction coil. 
Microphone circuits. 
Orange—D-c and auxiliary circuits from busbars. 
Violet —-R-f circuits and by-pass capacitors. 
Closed oscillatory circuits. 
Crystals. 
Yellow—Screens. 
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STANDARD RESISTOR VALUES 


MerGoumMs TOLERANCE 


Ox 4120 
to | to 5% 10% 20%, 
9.1 
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eo} 
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joa aa — | — Cs ome 


OPIS on eaten Rye ese 1S 
St Oe IS, 


SG EES ASS EAC 


Sr C9, Ko ey OO Sy Sy 


Nae OO en Go iO Om Clan One Carat CHmaE as NDI GC nnOOmi Con CU COs NOE bet cc 


SG aes Gee 
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APPENDIX XII 


SPECIFIC RESISTANCES 


OHMS PER 
MATERIAL (aT 20°C) CIRCULAR 
MIL-FOOT 


“Advance’”’ (alloy) 294. 
Aluminium be fs 
Bismuth 663. 
Brass 42. 
Carbon (coke, lampblack) |22,000. 
“Climax’’ (alloy) 480. 
“Constantan”’ (alloy) 294. 
Copper (annealed) 10.35 
Copper (hard drawn) 10.60 
Excello (alloy) 552. 
German Silver (18%) 198. 


German Silver (30%) 294. 
(Constantan) 


Gold 14.6 
Graphite 4,300. 
Iron (pure, annealed) 61. 
Iron (cast) 435. 
Ia Ia, hard (alloy) 300. 
Lead 
Manganin 264. 
Mercury 576. 
Molybdenum (drawn) 34. 
Monel metal (alloy) 252. 
Nichrome (alloy) 
Nickel 60. 
Phosphor-bronze 
Platinum 60. 
Silver 

Steel (cast) 

Steel (soft, carbon) 
Steel (transformer) 
Tantalum 

Therlo (alloy) 

Tin 

Tungsten (drawn) 
Zinc 
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APPENDIX XIV 


UNITS OF LENGTH 


1,000 metres = .6214 miles 


1 kilometre (km.) 


1 decimetre (dm.) = 0.1 metre 
1 centimetre (em.) = 0.01 metre 
1 millimetre (mm.) = 0.001 metre 
1 micron (yz) = 0.000,001 metre 
= 0.001 millimetre 
1 statute mile = 1,760 yards = 5,280 feet 


i 


1,609.3 metres 


1 foot = 3 yard = 12 inches 

1 inch = 35 yard = 7s foot = 2.540 cm. 
1 mil = yop inch 

pc ae } = 1,853.2 metres = 6080.0 feet = 1.1515 statute miles 
1 Admiralty mile 

1 U.S. nautical mile 

1 sea mile = 1,853.248 metres = 6080.20 feet 

1 geographical mile 

1 international nautical mile = 1,852 metres = 6076.10 feet 

1 league = 3 nautical miles 

1 fathom = 6 feet 
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FREQUENCY — WAVELENGTH 
LC VALUES 


FREQ. WaAvE- : WaveE- 
(f) LENGTH (A) LC LENGTH ()) LC 
(Kc/s) (m) (uH — uP) (m) (uH — pF) 


300 1000 2.816 X 107? 150 6.333 X 10-3 
350 857 2.068 X 107? 100 2.816 x 10-3 
400 750 1.583 X 107 75. 1.583 X 107? 
450 666 2.251 X 107" 60. 1.014 X10-° 


500 600 1.014107! 50. 7.037 X 10-4 
550 545 8.375 X10~? 42. 5.170 X 10-4 
600 500 7.037 X 107? 37.9 3.958 X 10-4 
650 461 5097 X10 33. 3.127 X 10-4 
700 429 5.170 X 10~? 30. 2.533 X 10-4 


750 400 4.502 X 10-7 27. 2.094 X 10~4 
800 375 3.958 X 10-7 25. 1.759 X10~* 
850 353 3.507 X 10-? 23. 1.499 X 10-4 
900 333 3.127 X10 21. 1.292 x 10-4 
950 316 2.807 X 10~? 20. 1.126 X10~* 


1,000 300 2.533 X 107? 18. 9.896 x 10~° 
1,050 286 2.298 X 10-? We 8.766 X 10~° 
1,100 273 2.094 X 10~? , 7.820 x 10~° 
1,150 261 1.916 10-7 15. 7.019 X10— 
1,200 250 oo 105 15. 6.333 X 10~° 


1,250 240 1.622 X10? 14. 5.745 KX 10~° 
1,300 231 1.499 X10~ 13. 5.235 X 107° 
1,350 222 1.390 x 10~? 13. 4.789 X 107° 
1,400 214 1.292 X10? 12. 4.398 X10~° 
1,450 207 1.205 x 10~? 12. 4.053 X 10~° 


1,500 200 1.126 X10 Le 3.748 X 1075 
1,600 187 9.896 x 10-3 Li 3.475 X 107° 
1,700 176 8.766 x 10-3 10. 3.231 X 107° 
1,800 167 7.820 X 10-3 10. 3.012 10~° 
1,900 158 7.019 X 10-3 10. 2.816 X10-° 


Conversions for frequencies between 30 and 30,000 Mc/s may be found from this 
table by using appropriate multipliers. 

For 30-300 Mc/s read corresponding values of 300 Ke/s—3 Mc/s from the table 
and convert by wavelength x10~?; LC 107+. 

For 300-30,000 Mc/s read corresponding values of 300 Ke/s—30 Mc/s from the 
table and convert by wavelength 107%; LC X10~°. 
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APPENDIX XVI 
REACTANCE-FREQUENCY CHARTS 


In the nomographs on pages A:31-A:33, inductance, capacitance, reactance and 
frequency are plotted on a series of vertical lines, one for each variable. The fre- 
quency range plotted comprises the frequency spectrum from 1 c/s to 1000 Mc/s. 
To make it possible to plot actual magnitudes on the other scales the frequency 
spectrum is divided into the following three parts: 

Chart I (page A:31)—covers the frequency range from 1 c/s to 1000 ¢/s 
Chart II (page A:32)—covers the frequency range from 1 Ke/s to 1000 Ke/s 
Chart III (page A:33)—covers the frequency range from 1 Mc/s to 1000 Mc/s 


1. To Find Reactance. 

The reactance offered by an inductance or capacitance at any frequency may be 
determined by placing a straight-edge across the chart to connect the known 
quantities. 


Example. Find the capacitive reactance of a 0.01uF capacitor to a 400 c/s current. 
Place a straight-edge across Chart I to connect the points 0.01uF and 400 c/s. 
Read the capacitive reactance (40,0009) from the point at which the straight- 

edge intersects the reactance scale. 


2. To Find the Resonant Frequency. 
The charts may be used to find the resonant frequency of a circuit which has any 
combination of L and C. 


Example. Find the resonant frequency of a circuit in which the inductance is 
250u H and the capacitance is 300uyF. 
Place a straight-edge across Chart II to connect the points 250u H and 300upF. 
Read the resonant frequency (600 Ke/s) from the point at which the straight- 
edge intersects the reactance scale. 
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DECIBEL CONVERSION TABLE 


To convert voltage or current ratios to db. 

Read directly from the table. 

To convert db to voltage or current ratios. 

(a) Locate the db value in the body of the 
table. 

(b) Read the required ratio from the left hand 
column and top row. 


. To convert power ratios to db. 


Since a power ratio equals the square root of 
the voltage or current ratio the logarithm of 
the power ratio equals one-half of the logarithm 


of the voltage or current ratio. 

Hence, use the table as directed for 1 above 
and take one-half of the result. 

Example: Given a power ratio of 3.41, find 
the db value. 

Meruop: From the table 3.41——>10.655 
Then db value = 410.655 = 5.328 
Therefore a power ratio of 3.41 = 5.33 db 


. To convert db to power ratios. 


Use the table as directed for 2 above and 
double the result. 


ail 
1.2 
1.3 
1.4 
1.5 
1.6 
seh 
1.8 
1.9 
2.0 
2.1 
2.2 
2.3 
2.4 
2.5 
2.6 
2.7 
2.8 
2.9 
3.0 
3.1 
3.2 
3.3 
3.4 
3.5 
3.6 
3.7 
3.8 
3.9 
4.0 
4.1 
4.2 
4.3 
4.4 
4.5 
4.6 
4.7 
4.8 
4.9 
5.0 
5.1 
5.2 
5.3 
5.4 
5.5 
5.6 
5.7 
5.8 
5.9 


“A” supply, 1:2 
Absorption grid keying, 6:17 
Absorption wavemeter, 8:22 
A-c anode resistance, 1:20 
negative, 1:28 
of a diode, 1:7 
of a tetrode, 1:29 
Accelerating anode, 1:46 
Accurate ranging, 16:23 
Acorn valve, 1:61 
Adcock aerial, 14:27 
balanced-coupled, 14:28 
effective height, 14:44 
Adcock U aerial, 14:27 
Adjacent-channel interference, 9:32 
Aertal circutt, 
of receiver, 9:1, 9:43 
of transmitter, 8:18 
Aerials, 
Adcock, 14:27 
balanced Adcock, 14:28 
broadside, 11:9 
broadside array, 11:10 
buried-U Adcock, 14:28 
centre feed, 10:19 
circular dipole, 11:7 
collinear, 11:8 
conical cage dipole, 11:7 
corner reflector, 11:24 
coupled Adcock, 14:29 
coupling to transmission line, 10:17 
current distribution, 10:15 
dipole, 11:1 
directional, 11:1 
directivity, 11:4 
elevated-H Adcock, 14:28 
end-fire, 11:12 
field strength measurement, 11:34 
folded dipole, 11:5 
function of, 10:1 
gain, 11:3 
ground effects, 11:25 
ground-plane, 11:29 


INDEX 


Aerials— Continued 
half-wave doublet, 11:1 
Hertz, 11:1 
horizontal V, 11:32 
horn radiators, 11:24 
image, 11:25 
impedance of, 10:15 
lazy-H array, 11:16 
life-saver, 11:29 
l-f, d-f, 14:17, 14:19 
long single-wire, 11:29 
loop, 14:1 
Marconi, 11:28 
parabolic, 11:19 
parasitic arrays, 11:13 
phased systems, 11:8 
quarter-wave, 11:28 
radar, 17:2 
radiation from, 10:1 
receiving, 11:1 
rhombic, 11:33 
shielded-U Adcock, 14:28 
stacked dipole array, 11:12 
steering-wheel, 11:29 
transmission-line Adcock, 14:29 
turnstile, 11:6 
Yagi array, 11:15 
Aeroplane effect, 14:26 
Air-cooled valve, 1:11 
Alignment of superheterodyne receiver, 
9:21 
Ambient temperature, 3:24 
Amperite regulator, 3:33 
Amplification, 
basic principle of, 1:22 
determination from equivalent circuit, 
2:13 
formula for, 2:14 
of an impedance-loaded amplifier, 2:18 
operation for distortionless, 2:29 
Amplification factor, 1:18 
of a tetrode, 1:29 
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Amplified automatic volume control, 9:26 Amplifiers— Continued 
Amplifiers, selectivity of, 2:22 


a-f, in receiver, 9:47 

a-f requirements, 2:19 
audio frequency, 9:2 
band-pass, 2:41 

buffer, 5:10, 8:3 
cathode-loaded, 2:43 
classification of, 2:64 
Class A, 2:36, 2:64 

Class AB, 2:37, 2:65 
Class B, 2:37 

Class C, 2:65 
degeneration in, 2:5, 2:54 
development of gain formula, 2:68 
direct-coupled, 2:43 
distortion in, 2:27 

driver, 8:6 


dynamic characteristic of, 1:23,2:7,2:9 


equivalent circuit of, 2:69 

floating paraphase, 2:53 

grounded-grid, 17:20 

horizontal-deflection, 4:10 

i-f, 2:40, 9:17, 9:44, 17:23 

impedance-coupled, 2:17 

input impedance for resistive load, 
2:73, 2:75 

input impedance for reactive load, 
2:74 

inverse-feedback, 2:54 

load line of, 2:8 

logarithmic, 17:31 

negative feedback in, 2:54 

operation of simple, 2:1 

overdriven, 15:7 

p-a, 2:65 

paraphase, 2:51 

pentode, 2:24 

phase angle of, 2:71 

phase inverter, 2:52 

positive feedback in, 2:54 

power, 2:30, 2:41 

push-pull, 2:35 

r-f power, 2:41 

r-f voltage, 2:37 

radar, 17:19 

regeneration in, 2:54 

resistance-capacitance coupled, 2:15 


split-load, 16:12 
sweep power, 16:17 
sweep voltage, 16:11 
transformer-coupled, 2:19 
vertical-deflection, 4:10 
video, 17:24 
video-frequency, 2:46 
voltage, 2:1 
Amplitude distortion, 2:27 
Amplitude modulation, 6:1 
comparison of methods, 6:10 
methods of, 6:3 
types of transmission, 6:12 
Angle of current flow, in oscillators, 5:6 
Angle of incidence, effect on reflection, 12:5 
Anode, 
accelerating, 1:46 
arrangement in c.r.t., 1:47 
construction of, 1:10 
definition of 1:3 
materials, 1:12 
of c.r.t., 1:46 
Anode-bend detector, 7:13 
Anode characteristic, 
of a diode, 1:5 
of a cold-cathode gas diode, 1:40 
of a hot-cathode gas diode, 1:38 
of a lighthouse triode, 1:63 
of a pentode, 1:31 
of a phototube, 1:55 
of a tetrode, 1:26, 1:27 
of a thyratron, 1:43 
of a triode, 1:16 
Anode circuit, 1:4 
Anode current, 1:4 
a-c component of, 2:3 
d-c component of, 2:3 
Anode dissipation, 1:11, 2:33 
Anode efficiency, 2:33, 2:76 
Anode keying, 6:16 
Anode load, 1:23 
Anode neutralization, 8:9 
Anode-to-cathode capacitance, 1:24 
Anode resistance, 1:18 
Anode voltage, 1:5, 1:23 
Anti-drift oscillator coil, 8:3 


INDEX A:37 


Anti-node, 10:8 
Anti T-R devices, 17:36 
Anti-wave clutter, 17:28 
Aperture plate, 13:33 
Application of clamping circuits, 15:12 
Aquadag, 1:49 
Arcing, in hot-cathode gas diode, 1:40 
Arrays, 
billboard, 11:18 
broadside, 11:10 
broadside curtain, 11:18 
lazy-H, 11:16 
parasitic, 11:13 
stacked dipole, 11:12 
Yagi, 11:15 
Artificial line, 15:23 
AT-cut crystal, 5:13 
Atmospheric effects, 14:26 
Atmospherics, 9:36 
Attenuation, 18:23 
Attenuation and loading, 18:32 
Attenuation equalizers, 18:27 
Audio-frequency, ranges of, 2:20 
Audio-frequency amplifiers, 
distortion in, 2:27 
effect of loudness, 2:20 
effect of pitch, 2:19 
effect of quality, 2:21 
equivalent circuit of, 2:22 
frequency response of, 2:21 
in receiver, 9:2, 9:47 
power, 2:30 
push-pull, 2:35 
response curve of, 2:22 
voltage, 2:15 
Audio-frequency voltage amplifier, 
in a P-A system, 2:65 
Autodyne, 9:7 
Automatic bearing indicator, 14:36 
Automatic dial systems, 18:6 
Automatic frequency control, 17:34 
Automatic gain control, 17:32 
Automatic grid bias, 2:6 
Automatic numbering, 19:10 


Automatic volume control, 7:6, 9:22 
amplified delayed, 9:26 
circuits 9:28 
delayed, 9:25, 9:29 
methods of feed, 9:27 
types of, 9:25 


“B” supply, 1:4, 2:1 
Back-wave, 6:13 
Balanced Adcock aerial, 14:28 
Balanced modulator, 19:19 
Balancing loop and sense aerials, 

in c.r. d-f, 14:35 
Ballast-valve regulator, 3:33 
Band-pass coupling, 2:40 
Band-pass coupled amplifier, 

frequency response of, 2:41 
Band-suppression filter, 9:36 
Bandwidth, of radar receivers, 17:17 
Bandwidth requirements for f-m, 13:17 
Bass boosting, 9:31 
Battery-powered telephone, 18:2 
Baudot code, 19:2 
Bauds, 19:13 
Beacons, radio 14:40 
Beaded spacers, 10:33 
Beam-forming plates, 1:33 
Beam positioning circuits, 4:1 
Beam power valve, 1:33 
Bearing error, 14:9 
Beat frequency, 9:6 
Beat-frequency oscillator, 9:6 

in receiver, 9:47 
Bel, definition of, 2:20 
Bellini-Tosi aerial system, 14:7 
Bends, waveguide, 10:66 
Bias, 

automatic, 2:6 

blocking, 6:17 

cathode or self, 2:4 

cut-off, 1:15 

fixed, 2:3 

grid-leak, 2:5 

paralyzing, 6:17, 8:6 

resistor, 2:4, 2:15 
Bias battery, 2:1 
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Bias distortion, 

telegraph, 18:19 

teletype, 19:25, 19:30 
Biased clamping, 15:10 
Biased-diode clipping, 15:2 
Biased grid clipping, 15:5 
Biased-off blocking oscillator, 15:22 
Biased-off multivibrator, 15:33 
Billboard array, 11:18 
Binary number system, 13:32 
Bleeder resistor, 3:15 
Blind-landing devices, 14:42 
Blocking, in radar recewers, 17:25 
Blocking bias, 6:17 
Blocking oscillator, 15:20 
Bootstrap circurt, 17:8 
Break down, in a gas valve, 1:40 
Bridge rectifiers, 3:18, 3:21 
Bright emitter, 1:9 
Brilliance control, of c.r.t., 4:1 
Broad-band carrier system, 18:29 
Broadside aerial, 11:9 
Broadside array, 11:10 
Broadside curtain array, 11:18 
Buffer amplrfier, 5:10, 8:3 
Buffer capacitor, 3:37 
Buncher grids, 5:23 
Buried-U Adcock aerial, 14:28 
Busy tone, 18:8 
By-pass capacitor, 2:4 


=C” battery, 2:1 

C-w signal, in receiver, 9:5 
Cable, coaxial, 10:48 
Cable, telephone, 18:26 
Calibration choke, 14:16 
Calibration corrector, 14:16 


INDEX 


Capacitor, 
buffer, 3:37 
cathode by-pass, 2:4 
coupling, 2:15 
microphone, 8:31 
Capacitor filter circurt, 3:6 
waveforms of, 3:7 
Capacitor-input filter, 3:12 
calculation of d-c output voltage, 3:43 
peak inverse voltage in, 3:19 
regulation curves for, 3:13 
Capacitor microphone, 8:31 
Carbon, 1:12 
Carbon granules, 8:29 
Carbon microphone, 8:29 
Carbon-pile regulator, 3:32 
Carborundum crystal, 7:7 
Carrier, 6:1 
Carrier frequency, 13:2 
Carrier, phantom, 19:14 
Carrier systems, telephone, 18:27 
Cascade doubler, 3:27 
Catcher grid, 5:23 
Cathode, 
construction of 1:8 
definition of, 1:1 
directly-heated, 1:2 
indirectly-heated, 1:2 
of cathode-ray tube, 1:44 
of mercury-vapour diode, 1:39 
oxide-coated, 1:10 
thoriated-tungsten, 1:10 
tungsten, 1:9 
Cathode bias, 2:4 
determining value of, 2:4 
resistor, 2:4 
Cathode bombardment, 1:9 
Cathode by-pass capacitor, 2:4 
Cathode circuits, of v-h-f oscillators, 5:19 
Cathode-coupled multivibrator, 15:30 
Cathode-coupled phase inverter, 16:13 


Calibration of radar sweep, 16:20, 16:23 Cathode follower, 2:44 


Capacitance, 
anode-to-cathode, 1:24 
cathode-to-filament, 1:24 
grid-to-anode, 1:23 
grid-to-cathode, 1:23 
interelectrode, 1:23 


formula for voltage gain of, 2:45 
input capacitance of, 2:45 


Cathode follower feedback circuit for linear 


sweep, 16:7 
Cathode keying, 6:16 
Cathode-loaded amplifiers, 2:43 


INDEX 


Cathode materials, characteristics of, 1:9 
Cathode modulation, 6:8 
Cathode-ray d-f, 14:30 
advantages, 14:36 
Cathode-ray oscilloscope, 
simple, 4 
uses of, 4:17 
Cathode-ray tube, 
as automatic bearing indicator, 14:36 
control circuits, 4:1 
construction, 1:47 
deflection, 4:2 
electromagnetic, 1:50 
electron gun, 1:46, 4:1 
electrostatic, 1:44 
focusing in, 1:50 
fluorescent screen, 1:49 
in direction finding, 14:30 
nomenclature, 1:64 
of test oscilloscope, 4:8 
production of sine wave on, 4:4 
r-f oscillator power supply for, 3:38 
Cathode-ray tuning indicator, 9:29 
Cathode-to-filament capacitance, 1:24 
Cat’s-whisker, 7:7 
Cavity resonator, 5:24 
Cavity T-R switch, 17:41 
Centre feed of an aerial, 10:19 
Centre-tap keying, 6:16 
Chad tape, 19:10 
Chadless tape, 19:10 
Changing current transition, 18:21 
Channel, 6:12 
Characteristic curves, 
anode of cold-cathode gas diode, 1:40 
anode, of lighthouse triode, 1:63 
application in circuit analysis, 2:10 
dynamic, 1:23 
for phototube, 1:55 
mutual, of a pentode, 1:32 
of a diode, 1:5 
of a pentode, 1:30 
of a tetrode, 1:26 
of a triode, 1:15 
static anode, of a beam power valve, 
1:34 
static anode, of a tetrode, 1:26, 1:27 
static mutual, of a tetrode, 1:26, 1:28 
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Characteristic distortion, 18:20, 18:21 
teletype, 19:30 
Characteristic impedance, 
determination of, 10:25 
formula for, 10:14 
formula for two-wire line, 10:27 
of coaxial lines, 10:32 
quarter-wave transformer, 10:38 
transmission line, 10:11 
waveguide, 10:61 
Characteristics of delayed a.v.c., 9:29 
Characteristics of detectors, 7:4, 7:17 
Charge, space, 1:4 
Choke-capacitance coupling, 2:17 
Choke-input filter, 3:11 
regulation curves for, 3:13 
Choke joints, waveguide, 10:63 
Circutt facilities, telephone, 18:25 
Circular dipole, 11:7 
Circular sweep, 16:31 
Circular waveguides, 
cut-off wavelength formulas, 10:69 
development from two-wire line, 10:58 
dimensions of, 10:68 
modes of transmission in, 10:56 
rotating joint, 10:65 
formula for cut-off wavelength, 10:58 
Circularly polarized wave, 10:3 
Clamping circuits, 15:7 
Class A amplifier, 2:64 
Class A operation, 2:36 
Class AB amplifier, 2:65 
Class AB operation, 2:37 
Class B amplifier, 2:64 
Class B operation, 2:37 
Class C amplifier, 2:65 
Class C operation, of r-f power amplifier, 
2:42 
Classification of frequencies, 12:9 
Clipping circuits 15:1 
Clipping, diagonal, in detectors, 7:5 
Closed loop aerials, 14:30 
Closed wire circutts, 18:1 
Coaxial cable, 
power transmitted on, 10:48 
E and H lines for, 10:47 
trombone transformer, 10:44 
Coaxial feeds, 11:23 
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Coaxial line, 10:31 
coupling to waveguide, 10:60 
rigid, 10:31 
rotating joint, 10:44 
Coaxial-line balance converters, 10:42 
Cocked hat, 14:23 
Code bars, 19:4, 19:7 
Code, Baudot, 19:2 
Code-impulse cam, 19:6 
Code selector, 19:4 
Coder, for p-c-m system, 13:33 
Coil spacing, 18:24 
Coincidence gate circuit, 19:39 
Cold-cathode gas diode, 1:36, 1:40 
Cold-cathode gas regulators, 3:31 
Collector electrode, 1:3 
Collector, in p-c-m coder, 13:33 
Collinear aerial, 11:8 
Colpitts oscillator, 5:9 
Communications, line, 18:1 
Commutator, 19:2 
Comparator switches, 14:35 
Comparison of amplitude and frequency 
modulation, 13:16, 13:20 
Comparison of characteristic and bias dis- 
tortion, 18:21 
Comparison of long-wave and microwave 
radar, 17:19 
Comparison of line and radio communica- 
tion, 18:1 
Comparison of master-oscillator and crystal 
control of transmitters, 8:5 
Comparison of telephony and telegraphy, 
18:1 
Compensating loop, 14:16 
Compensation, 
h-f in video amplifiers, 2:48 
I-f in video amplifiers, 2:48 
Completed-loop method, of frequency de- 
termination, 4:15 
Composited circuits, telegraph, 18:17 
Compressor, for p-c-m, 13:35 
Concentric line, 10:31 
Q of, 10:34 
Concentric-line oscillators, 5:20 
Conditioning a valve, 3:24 
Conductance, mutual, 1:18, 1:19 
Configuration, field, 10:46 
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Conical cage dipole, 11:7 
Conical scanning, 17:50 
Connector switch, 18:7 
Constant-current generator form of equiva- 
lent circurt, 2:26 
Constant-current-pentode sweep generator, 
16:6 
Constant-current regulator, 3:33 
Constant-voltage generator form of equiva- 
lent carcutt, 2:26 
Contact lever, 19:6 
Continuous wave, keyed, 6:12 
Control circuits, 
electron beam of c.r.t., 4:1 
of a P-A system, 2:67 
of transmitter, 8:15 
Control grid, 
definition of, 1:14 
operation of, 1:14 
Converters, 
coaxial-line balance, 10:42 
frequency, 9:18 
frequency, in receiver, 9:43 
frequency shift, 19:15, 19:25 
pentagrid, 1:35, 9:19 
oscillator mixer type, 9:20 
teletype, 19:21 
triode-hexode type, 9:20 
Copper anode, 1:12 
Copper loss, in transmission lines, 10:47 
Copper-oxide rectifier, 3:20 
Cords, telephone, 18:11 
Corner reflector, 11:24 
Correction curve, 
quadrantal error, 14:15 
semi-circular error, 14:13 
Counting circuits, 15:40 
Counterpoise, 11:29 
Coupled Adcock aerial, 14:28 
Coupled-circuit discriminator, 13:8 
Coupling, 
band-pass, 2:40 
capacitor, 2:15 
double-tuned transformer, 2:40 
inductance-capacitance, 2:17 
resistance-capacitance, 2:15 
single-tuned transformer, 2:39 
transformer, 2:19 
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Critical angle, sky wave, 12:6 
Critical frequency, sky wave, 12:4 
Critical frequency for land lines, 18:25 
Critical minimum frequency, waveguide, 
10:50 
Critical value, of magnetron field, 5:27 
Cross modulation, 9:32 
Crossbar system, 18:6 
Crosstalk, telephone, 18:30 
Crystal, 
circuit symbols, 5:14 
control of transmitter oscillator, 8:4 
cuts, 5:13 
detector, 7:7 
detector, radar, 17:23 
filter, 9:34 
holders, 5:14 
microphone, 8:33 
Crystal oscillators, 
Miller, 5:14 
modified Miller, 5:16 
Pierce, 5:16 
Crystal oscillator, in transmitter, 8:17 
Cumulative-grid detector, 7:10 
Current, 
filament, 1:5 
grid, 1:15 
pulsating direct, 1:7 
saturation, 1:5 
screen, 1:26 
Current feedback, 2:56 
Current regulator, 3:34 
Curtain array, 11:18 
Curve, anode characteristic of diode, 1:5 
Cutler feed, 11:22 
Cut-off frequency, 18:25 
relationship to dimensions, 10:51 
waveguide, 10:50 
Cut-off limiting, 15:6 
Cut-off voltage, 1:15 
Cut-off wavelength, formulas for, 10:57, 
10:69 
Cutout, open-space, 18:10 
Cycloid path, 5:27 


D-c amplifier, teletype, 19:25, 19:27 
D-c output voltage, full-wave rectifier, 3:40 
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D-c resistance of a diode, 1:6 
D-c restorer, 15:7 
D-f bearing, 14:3 
D-f by directional transmission, 14:39 
D-f correction chart, 14:17 
D-f procedure, 14:19 
Damped oscillatory circuit, 5:1 
Day and night frequencies, 12:9 
Daytime propagation, 12:10 
Dead beat, 9:7 
Decibel, definition of, 2:20 
Decibels, 2:70 
Decoding circutt for p-c-m, 13:34 
Deflection circuits, electromagnetic, 16:14 
Deflection coils, 16:15 
Degeneration, 2:5 
Degenerative feedback, 2:54 
De-tonizing potential, 1:38 
Delay multivibrator, 16:24 
Delay, transition, 18:18 
Delayed automatic volume control, 9:25, 
9:29 
amplified, 9:26 
in receiver, 9:46 
Delta match, 10:17 
Demodulation, 7:1 
Demodulation, telephone carrier, 18:27 
Demondulator, step function, 13:29 
Deflection, 
electromagnetic, 1:52 
electrostatic, 1:47 
Detection, 7:1 
linear and square-law, 7:8 
power, 7:8, 7:12 
regenerative, 9:7 
weak-signal, 7:8, 7:11 
anode-bend, 7:10, 7:13 
Detector characteristics, 7:4 


Detectors, 
anode-bend, 7:10, 7:13 
comparison of types, 7:17 
crystal, 7:7 
cumulative-grid, 7:10 
diode, 7:1 
distortion in, 7:22 
efficiency of, 7:5 
fidelity, 7:4 
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Detectors— Continued 
frequency response, 7:6 
full-wave, 7:4 
grid-bias, 7:13 
grid-leak, 7:10 
in receiver, 9:1 
infinite impedance, 7:15 
linear and square-law, 7:8 
linearity, 7:4 
plate, 7:13 
power, 7:8, 7:12 
radar, 17:20, 17:23 
ratio, 13:10 
regenerative, 9:7 
signal-handling capabilities, 7:6 
simple, 7:1 
super-regenerative, 9:10 
weak-signal, 7:8, 7:11 
Determination of sense, 14:3 
Detuned circuit discriminator, 13:5 
Deviation, frequency, 13:2 
Deviation ratio, 13:18 
Diagonal clipping, in detectors, 7:5 
Dial telephone systems, 18:6 
Dielectric loss, in transmission lines, 10:47 
Differential polar relay, 18:15 
Differentiating circurts, 15:15 
Differentiation, 15:15 
Diffraction, of radio waves, 12:11 
Diode, 
anode characteristic, 1:5 
as a rectifier, 1:7 
clamping, 15:9 
cold-cathode gas, 1:36, 1:40 
definition of, 1:3 
detector, 7:1 
hot-cathode gas, 1:36, 1:40 
limiter, 14:33 
mercury-vapour rectifier, 1:38 
operation of a, 1:4 
phototube, 1:54 
Diplex operation, teletype, 19:36 
Diplexing, with pulse modulation, 13:23 
Dipole, 10:15 
Dipole scanner, 17:51 
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Dipoles, 

circular, 11:7 

conical cage, 11:7 

evolution from transmission line, 10:15 

folded, 11:5 

horizontal, 11:1 

impedance of, 10:17 

special shapes, 11:5 

vertical, 11:1 
Direct current, pulsating, 1:7 
Direct-coupled amplifiers, 2:43 
Direct ray, 12:1 
Direction finding, 14:1 
Directional aerials, 11:1 
Directional aerral, gain, 11:3 
Directivity, broadside aerials, 11:11 
Directly-heated cathode, 1:2 

construction of 1:8 
Director, 11:13, 11:15 

length formula, 11:36 
Discharge line, 15:23 
Discriminators, 

coupled-circuit type, 13:8 

detuned circuit, 13:5 

distortion in, 13:8 

f-m, 13:3 

in a.f.c. circuit, 17:35 

linear, 19:24 

two-branch-network, 19:24 

response curves, 13:7, 13:10 

simple 13:4 

teletype converter, 19:26 

two-band-pass, 19:23 

voltage waveforms, 13:6 
Dissipation, 

anode, 2:33 

maximum anode, 1:11 
Distortion, 

amplitude, 2:27 

bias, 18:19 

characteristic, 18:20 

due to grid current flow, 2:28 

effect of loading, 18:33 

fortuitous, 18:22 

frequency, 2:29 

in detectors, 7:22 

in discriminators, 13:8 

in f-m wave, 13:17 
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Distortion— Continued 

in modulation, 6:5, 6:7 

in power amplifiers, 2:31 

in sweep circuit, 4:7 

percentage, 2:32 

‘percentage second harmonic, 2:76 

phase, 2:29 

radio teletype, 19:30 
Distortionless amplification, 2:29 
Distributor, 19:2 
Diversity reception, 19:21 
Dominant mode, 10:47 
Double-beam oscilloscopes, 4:11 
Double-button carbon microphone, 8:29 
Double L-section filter, d-c output and 

ripple voltage, 3:42 

Double-stub tuner, 10:40 
Double sweep circuits, 16:30 
Double-tuned transformer coupling, 2:40 
Doubler, 

cascade, 3:27 

full-wave, 3:26 

frequency, 8:7 

half-wave, 3:27 
Drift, frequency, 8:2 
Drift, oscillator frequency, 5:10 
Driven reflector, 11:13 
Driver, 

amplifier, 8:6 

in transmitter, 8:18 

radar, 17:8 
Duplex operation, telegraph, 18:13 
Duty cycle, 17:3 
Dynamic characteristic, 1:23 
Dynamic characteristic curves, 2:7, 2:9 
Dynamic microphone, 8:33 


E layer, 12:4 
Eccles-Jordan circuit, 15:34 
Echo box, 17:43 
Effective herght, 
Adcock aerial, 14:44 
loop aerial, 11:35, 14:43 
quarter wave vertical aerial, 14:42 
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Efficiency, 

anode, 2:33, 2:76 

detector, 7:5 

emission, 1:9 

modifications for oscillator, 5:5 

T-R switches, 17:39 

thermal, 1:40 
Electric field, 

of an aerial, 10:1 

of a waveguide, 10:51 
Electromagnetic c.r.t., 1:50 
Electromagnetic deflection circuits, 16:14 
Electromagnetic field, of an aerial, 10:2 
Electromagnetic waves, 10:1 

plane of polarization, 12:1 

properties otf, 10:46 

wave front, 10:2, 12:1 

velocity of, 10:46 
Electrostatic deflection, 1:47 
Electric coupling, waveguide, 10:60 
Electron beam, 

of c.r.t., 4:1 

positioning circuit, 4:1 
Electron-coupled multivibrator, 15:32 
Electron-coupled oscillator, 5:11 
Electron gun, 

of c.r.t., 1:46, 4:1 

of klystron, 5:23 
Electron-ray tuning indicator, 1:56, 9:29 
Electron stream, 1:3 

velocity modulation of, 5:23 
Electron transit time, 1:61, 5:22 
Electronic emission, 1:1 
Electronic regenerator, teletype, 19:32 
Electronic switching of radar aerials, 17:49 
Electrostatic deflection, 1:47 
Electrostatic field, in split-anode magne- 

tron, 5:29 

Elevated-H Adcock aerial, 14:28 
Elliptical sweep, 16:31 
Elliptically polarized wave, 10:3 
Emission, 

electronic, 1:1 

pressure conditions for, 1:9 

secondary, 1:28 

thermionic, 1:1 
Emission efficiency, 1:9 
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Emitters, F layer, 12:4 
bright, 1:9 F, layer, 12:4 
cathode, 1:1 F, layer, 12:4 
materials for 1:9 Pom receer 133 


End feed, of an aerial, 10:20 
End-fire aerials, 11:12 
Energy radiation, waveguide, 10:67 


F-m transmitter, simple, 13:1 
Factor, feedback, 2:56 


Envelope, Factors, valve, 1:18 
composition of, 1:12 Fadeout, 12:8 
evacuation of, 1:12 Fading, 12:7 
modulation, 6:2 


False zero reading of vacuum-tube volt- 
of c.r.t., 1:49 
meter, 7:18 
Equalizers, attenuator, 18:27 
Equisignal zones, 14:41 
Equivalent-anode-circuit theorem, 2:68 Feedback, 1:24 
Equivalent circutt, current, 2:56 
constant-current form, 2:26 degenerative, 2:54 
constant-voltage form, 2:26 factor, 2:56 
of a-f voltage amplifier, 2:22, 2:23 in regenerative detector, 9:7 
inverse, 2:54 


Feed, parabolic aerials, 11:20 


of an amplifier, 2:69 


of crystal, 5:14 negative, 2:5 

of grid neutralization, 8:9 positive, 5:2 

of impedance-loaded amplifier, 2:17, regenerative, 2:54 

2:72 Feeds, coaxial, 11:23 

of Miller oscillator, 5:15 Fidelity, 

of oscillator, 5:4 in detectors, 7:4 

of r-f voltage amplifier, 2:39 of receiver, 9:4 

of short-circuited movable stub match, Field configuration, 10:46 

10:39 Field distribution, 

of trombone transformer, 10:44 in circular waveguide, 10:58 

of two-wire line, 10:12 quarter-wave Marconi aerial, 10:60 
Equivalent d-c resistance of a diode, 1:6 waveguide, 10:55 
Errors in d-f, 14:9 Field strength measurement, 11:34 

aeroplane effect, 14:26 Filament current, 1:5 

atmospheric effect, 14:26. Filters, 

correction chart, 14:17 m-section, 3:12 

night effect, 14:24 band suppression, 9:36 

polarization, 14:23 capacitor, 3:6, 3:9 

propagation, 14:23 capacitor-input, 3:12 

quadrantal, 14:12, 14:15 choke-input, 3:11 

reflection effect, 14:24 crystal, 9:34 

re-radiation, 14:12 inductor, 3:9, 3:14 

semi-circular, 14:12 inductor-capacitor, 3:11 

shore effect, 14:23 inverted L-section, 3:11 

vertical effect, 14:10 key-click, 6:16 
Evacuation, of a valve, 1:12 L-section, 3:11 
Expanded sweep, 16:29 low-frequency compensation, 2:49 
Expander, for p-c-m, 13:35 resistor-capacitor, 3:12 


Extinction potential, 1:38 resonance effect in, 3:15 
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Filtering, graded, 3:18 
Firing point, 1:38 
Five-unit code, 19:2 
Five-wire lines, 10:31 
Fixed bias, 2:3 
Fized-frame d-f system, 14:7 
Fixed-frequency holder, 5:14 
Fixed spark gap, 17:14 
Flared horn radiator, 10:67 
Flared waveguides, 10:61 
Flat line, 10:16 
Flat response, of an amplifier, 2:22 
Flexible coaxial line, 10:32 
Flexibility, of oscillator, 8:4 
Floating paraphase amplifier, 2:53 
Fluorescent screen, 1:49 
Flyback, 4:3, 4:5 
Focusing, electromagnetic c.r.t., 1:50 
Focusing anode, of cathode-ray tube, 1:46 
Folded dipole, 11:5 
Follower, cathode, 2:44 
Fortuztous distortion, 18:22 
Four-wire line, 10:30 
Free-running blocking oscillator, 15:20 
Free-running multivibrator, 15:27 
Frequency bands, 12:8 
Frequency, 
beat, 9:6 
carrier, 13:2 
sweep, 4:5 
Frequency control, radar receivers, 17:34 
Frequency converter circuits, 9:18 
Frequency converter, in recewer, 9:43 
Frequency determination, 
completed-loop method, 4:15 
uncompleted-loop method, 4:17 
Frequency deviation, 13:2 
Frequency distortion, 2:29 
Frequency-diversity reception, 19:21 
Frequency divider, 15:21, 15:40 
Frequency doubler, 8:7 
Frequency drift, 5:10, 8:2 
Frequency meter, 8:22 
Frequency modulation, 6:20, 13:1 
methods of obtaining, 13:12 
sidebands, 13:16 
Frequency-modulation index, 13:18 
Frequency multiplier, 8:5 
Frequency, phase, pulse modulation, 13:1 
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Frequency response, 
curve, 2:21 
flat, 2:22 
of amplifier, 2:21 
of band-pass coupled amplifier 2:40 
of detector, 7:6 
of ideal video amplifier, 2:47 
selective, 2:22 
Frequency-shift converter, 19:15 
Frequency-shift converter circuit, 19:25 
Frequency-shift keyer, 19:16 
Frequency-shift keying, 19:14 
Frequency spectrum in f-m systems, 13:17, 
13:19 
Frequency stability, 
of oscillators, 5:10 
of transmitter, 8:1 
Frequency stabilization circuit, 13:14 
Front, — 
electromagnetic wave, 19:2 
wave, 10:2 
Front waveguide feed, 11:21 
Full-wave detector, 7:4 
Full-wave doubler, 3:26 
Full-wave rectifier, 3:3 
calculation of output voltage and 
ripple, 3:40 
waveforms in, 3:5 
Function of an aerial, 10:1 
Fundamental components of a radar set, 
17st 
Fuses, telephone, 18:10 


Gain, 
broadside aerials, 11:11 
directional aerial, 11:3 
Gain control, radar receiver, 17:32 
Gain of an amplifier, 
development of formula for, 2:68 
with feedback, 2:56 
Galena crystal, 7:7 
Gases, occlusion of, 1:9 
Gas-filled valves, 1:36 
Gas-valve regulator, 3:29 
Gate circuit, electronic regenerator, 19:38 
Gating circuits, 16:22, 17:27 
Generator, 
sawtooth, 4:3 
trapezoidal, 16:16 
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Getter, 1:13 
Gettering process, 1:13 
Goniometer, 
c.r.t. as a, 14:30 
field, 14:8 
radio, 14:7 
Goniometer scale, 14:8 
Graded filtering, 3:18 
Granules, carbon, 8:29 
Grass on c.r.t., 17:16 
Grid, 
buncher, 5:23 
catcher, 5:23 
control, 1:14 
of cathode-ray tube, 1:45 
suppressor, 1:30 


Grid bias, methods of obtaining, 2:3 


Grid-bias detector, 7:13 
Grid blocking, 2:17 
Grid circutt,1:15, 1:22 
Grid clamping, 15:11 
Grid clipping, 15:4 
Grid, control, 1:14 
Grid current, 1:15 
Grid-input, 1:22 
Grid keying, 6:17 
Grid-leak bias, 2:5 
determining value of, 2:6 
series type, 2:6 
shunt type, 2:5 
Grid-leak detector, 7:10 
Grid-leak resistor, 2:15 
Grid modulation, 6:7 
Grid neutralization, 8:9 
Grid, screen, 1:25 
Grid signal, 1:22 


Grid-to-anode capacitance, 1:23 
Grid-to-anode transconductance, 1:19 
Grid-to-cathode capacitance, 1:23 


Ground effects, aerzal, 11:25 
Ground-plane aerial, 11:29 
Ground wave, 12:1, 12:2 


Grounded grid amplifier, 17:20 
Group velocities, waveguide, 10:59 


Guided waves, 10:45 
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H and E bends, 10:66 
Half-duplex operation, 
telegraph, 18:13 
teletype, 19:15 
Half-wave aerial, 
delta match to, 10:11 
impedance of, 10:17 
length formula, 11:36 
Half-wave doubler, 3:27 
Half-wave doublet, 11:1 
Half-wave rectification, 3:3 
waveforms in, 3:4 . 
Half-wave section shorted at both ends, 
10:37 
Half-wave sections, open-ended, 10:38 
Half-wave stub match, 10:18 
Half-wavelength line sections, 10:24 
Hard valve, 1:9 
Hard-valve regulator, 3:31 
Harmonic distortion, 2:76 
Harmonic interference, 9:32 
Harmonics, 3:8 
oscillator, 8:4 
Hartley oscillator, 5:7 
Hash suppressors, 3:25 
Hazeltine neutralization, 8:11 
Heat coil, 18:10 
Heating the emitter, 1:2 
Hertz aerzal, 11:1 
Heterodyne interference, 9:33 
Heterodyne principle, in receivers, 9:6 
Heterodyne wavemeter, 8:25 
Hertatte crystal, 7:7 
High frequencies, 12:9 
High-frequency compensation, in video 
amplifiers, 2:48 
High-frequency d-f, 14:27 
High-frequency keyer, 19:16, 19:18 
High-frequency valves, 1:59 
High tension (H.T.), 3:1 
High tension (H.T.) supply, 1:4, 2:1 
Higher-voltage multipliers, 3:28 
Holding bars, telephone, 18:9 
Hollow waveguides, 10:47 
advantages of, 10:47 
Horizontal-centering control, in c.r.t., 4:2 
Horizontal deflection, in c.r.t., 4:2 
Horizontal-deflection amplifier, 4:10 
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Horvizontal-deflection plates, in a c.r.t., 
1:48 
Horizontal dipole, 11:1, 11:2 
radiation pattern, 11:2 
surface pattern, 11:3 
Horizontal directivity, 11:4 
Horizontal polarization, 12:1 
Horizontal V aerial, 11:32 
Horizontally polarized wave, 10:3 
Horn radiator, waveguide, 10:67 
Horn radiators, 11:24 
Hot-cathode gas diode, 1:36, 1:37 
arcing in, 1:40 
circuit arrangement, 1:38 
Hot-cathode mercury-vapour rectifiers, 3:22 
Hot-cathode mercury-vapour triode, 1:41 
Human hearing, range of, 2:20 


I-f amplifier, in receiver, 9:44 
I-f interference, 9:33 
Image aerials, 11:25 
Image interference, 9:32 
Impedance, 
aerial, 10:15 
characteristic, 10:11 
coupling, 2:17 
input, of detector, 7:5 
Impedance-loaded amplifier, phase shift 
in, 2:71 
Impedance matching, 2:57 
by shorted line sections, 10:36 
coaxial line to grid circuit, 10:37 
for maximum power output, 2:57 
for optimum power output, 2:59 
graph of, 2:58 
in oscillators, 5:5 
microphones, 8:33 
non-resonant and resonant lines, 10:36 
open-ended sections in, 10:37 
receiver to input line, 10:36 
short-circuited movable stub, 10:39 
waveguide, 10:61 
Impulse plate, 13:33 
Increasing telegraph traffic, 18:16 
Index, frequency modulation, 13:18 
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Indicator, 

automatic bearing, 14:36 

radar, 16:1, 17:2 

sense, 14:4 

standing-wave, 10:9 

timing, 17:5 

tuning, 9:29 

volume-level, 2:71 
Indirect ray, 12:1 
Indirectly-heated cathode, 1:2, 1:8 
Inductance-capacitance coupling, 2:17 
Inductive coupling, to a waveguide, 10:60 
Inductor-capacitor filter, 3:11 
Inductor filter, 3:9 

waveforms of, 3:10 
Inductor input filter, 3:40 
Infinite-cmpedance detector, 7:15 
Infinite line, 10:4 
Input capacitance, 

of cathode follower, 2:45 

of triode amplifier, 2:24 
Input crrcurt, 1:22 
Input rmpedance, 

of amplifier, 2:73, 2:74, 2:75 

of detector, 7:5 
Insulator, quarter-wave stub, 10:49 
Integrating circutt, 15:17 

for c.r.t sweep, 16:8 
Integration, 15:17 
Intensity control, of c.r.t., 4:1 
Interelectrode capacitance, 1:23 

effects of, 1:24 

grid-to-anode, 1:23 

grid-to-cathode, 1:23 

in triode amplifier, 2:23 
Interference, 

adjacent-channel, 9:32 

electrical, 9:37 

harmonic, 9:32 

heterodyne, 9:33 

image, 9:32 

intermediate frequency, 9:33 

remedies for, 9:33 

types of, in receivers, 9:32 
Intermediate frequency, in recerwers, 9:14 
Intermediate-frequency alignment of re- 

ceiver, 9:21 
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Intermediate-frequency amplifier, 2:40, 
9:17 

Interrupter, 3:35 
Interrupted continuous wave, 6:12 
Inter-stage coupling, 2:15 

(See coupling) 
Inter-valve coupling, 2:15 

(See coupling) 
Inverse-feedback amplifiers, 2:54 
Inverted L-section filter, 3:11 
Inverter, 

phase, 2:52, 16:11 

transmission line, 10:41 
Ion density, effect on reflection, 12:5 
Ionization potential, 1:38 
Tonosphere, 12:3 

variations in, 12:7 


Jacks, telephone, 18:5, 18:11 
Jitters, 18:22 

Joint tape relay centre, 19:11 
Joints, waveguide, 10:62 
Jump voltage, 16:16 


Keep-alive voltage, 17:41 
Kennelly-Heaviside layer, 12:3 
Key-click filter, 6:16 
Keyed continuous wave transmission, 6:12 
Keyed m-c-w transmission, 6:13 
Keyer, frequency shift, 19:16, 19:18 
Keying, 

absorption, 6:17 

anode, 6:16 

cathode, 6:16 

centre-tap, 6:16 

circuits, 6:14, 8:19 

grid, 6:17 

power-supply, 6:15 

primary, 6:15 

principles of, 6:13 

secondary, 6:15 

teletype, 19:14 
Keys, telephone, 18:11 
Klystron, 1:62, 5:23 

reflex, 5:27 


L-section filter, 3:11 
calculation of d-c output and ripple 
voltage, 3:42 
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L-f d-f aerial circuits, 14:17 
Lag circuit, electronic regenerator, 19:37 
Land lines, 18:1 
Lazy-H array, 11:16 
Life-saver aerial, 11:29 
Lighthouse valves, 1:63 
Limiter, 15:1 
f-m receiver, 13:3 
noise, 9:38, 9:46 
series, 9:39 
shunt, 9:38 
teletype converter, 19:25 
transient-free, 19:22 
Limiting circuits, 15:5 
Line communications, 18:1 
Line finder switch, 18:7 
Line lamp, telephone, 18:3 
Line-of-sight propagation, 12:10 
Linear delay multwibrator, 16:25 
Linear detection, 7:8 
Innear discriminator, 19:24 
Linear sweep, 4:3 
Linear sweeps for electrostatic deflection, 
16:3 
Linear time base, 4:3 
Linearity, 1n detectors, 7:4 
of sweeps, 16:7 
Lines of electric force, about an aerzal, 10:1 
Lines, transmission, 10:1 
Lissajous figures, 4:12 
Load, 1:23 
anode, 1:23 
line, 2:8 
Load resistor, in a power supply, 3:15 
Loading, 
in telegraph circuits, 18:22 
of oscillator tank circuit, 8:3 
Loading and attenuation, 18:32 
Loading coil, design and practices, 18:24 
Loading inductance, in d-f aerial, 14:18 
Lobe switching, 17:44 
Local oscillator, 9:13 
in receiver, 9:44 
radar, 17:20 
Locking lever, 19: 
Lock-loop cam, 19:7 
Logarithmic amplifier, 17:31 
Logarithmic receiver, 17:30 
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Logarithmic taper of volume control, 9:24 
Long single-wire aerials, 11:29 
Loop aerial, 14:1 

effective height, 11:35, 14:43 
Loop coupling, to a waveguide, 10:60 
Loops, 10:8 
Long single-wire aerials, 

non-resonant, 11:31 

resonant, 11:29 
Losses in oscillatory circuits, 5:17 
Loudspeaker, matching to power amplifier, 

2:61 

Low frequencies, 12:8 
Low-frequency carrier systems, 18:28 
Low-frequency compensation, 

filter, 2:49 

in video amplifiers, 2:48 
Low-frequency keyer, 19:16 
Low-level modulation, 6:8 
Low tension (L.T.), 3:1 
Low tension supply, 1:2 


M-c-w signal, in receiver, 9:5 
Machine switching systems, telephone, 18:6 
Magic eye tuning indicator, 9:29 
Magnetic field, of an aerial, 10:2 
Magnetic fields, waveguide, 10:51 
Magnetic wave, in waveguides, 10:56 
Magnetron transmitter, 17:4, 17:11 
Magnetrons, 1:62, 5:27 
eight-cavity, 5:29 
multi-cavity, 5:28, 5:29 
split-anode, 5:28 
Marcon aerial, 11:28 
_ Mark, telegraph, 18:12 
Mark-to-space transition, 18:18 
Marker system of control, 18:10 
Markers, calibration, 16:20 
Marking impulses, 19:2 
Mast-hull loop, 14:16 
Master oscillator, 8:4 
in transmitter, 8:17 
Master-oscillator power-amplifier trans- 
mitter, 5:10 
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Matching, 
delta, 10:17 
for maximum power output, 2:57 
for optimum power output, 2:59 
impedance, 2:57 
impedances in oscillators, 5:5 
loudspeaker to power amplifier, 2:61 
non-resonant and resonant lines, 10:36 
several loudspeakers to p.a., 2:62, 2:63 
stub, 10:18 
waveguide impedance, 10:61 
Maximum anode dissipation, 1:11 
Maximum power output, 2:31 
impedance matching for, 2:57 
Mechanical analogy of line loading, 18:23 
Mechanical joints, waveguide, 10:62 
Mechanical resonant frequency, 5:12 
Medium frequencies, 12:9 
Mercury-vapour diode, 
conditioning of, 3:24 
transients in, 3:25 
Metallic rectifiers, 3:20 
Metallic telegraph systems, 18:16 
Microphones, 8:29 
capacitor, 8:31 
carbon, 8:29 
crystal, 8:33 
diaphragm type, 8:33 
dynamic, 8:33 
ribbon, 8:22 
sound-cell, 8:33 
velocity, 8:22 
Microphonics, 9:38 
Microwave radar, 17:3 
Midget valve, 1:62 
Miller crystal oscillator, 5:14 
Miller time-base generator, 16:9 
Mismatch, 2:58 
Misprinting, teletype, 19:29 
Mixer, pentagrid, 1:35 
Mixer circuit, in receiver, 9:13 
Mizxer unit, radar, 17:22 
Mode, 10:46 
dominant, 10:47 
Modes of transmission, 
in circular waveguides, 10:56 
in rectangular waveguides, 10:56 
waveguide, 10:56 
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Modified dipoles, 11:5 
Modulation, 
amplitude, 6:1 
anode, 6:3 
cathode, 6:8 
cross, 9:32 
depth of, 6:2 
frequency, 13:1, 6:20 
grid, 6:7 
high-level, 6:6 
low-level, 6:8 
methods of amplitude, 6:3 
percentage, 6:2, 6:5, 6:18 
phase, 6:20, 13:1, 13:19, 13:21 
process, 6:4, 6:7 
pulse, 18:1, 13:22 
pulse time, 13:26 
pulse width, 13:24 
simple method of, 6:1 
single-frequency, 6:13 
suppressor-grid, 6:9 
telephone carrier, 18:27 
types of, 6:19 
velocity, 5:23 
Modulation envelope, 6:2 
Modulation factor, 6:2 
Modulator, 6:4, 8:1 
balanced, 19:19 
in transmitter, 8:19 
phase-shift, 13:12 
radar. i728, 176, 1710 Ged 
reactance tube, 13:12, 19:17 
spark-gap, 17:13 
Molybdenum, 1:12 
Monitor, 
teletype, 19:12 
teletype converter, 19:28 
Multi-cavity magnetron, 5:29 
Multi-channel communication, 13:24 
Multi-conductor lines, 10:30 
Multi-electrode valves, 1:35 
Multi-element parasitic arrays, 11:15 
Multi-purpose valves, 1:35 
Multi-range sweep-current generator, 16:18 
Multi-unit valves, 1:35 
Multiple-frequency operation, resonant feed 
for, 10:20 
Multiple switchboards, 18:5 
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Multiplexing, with pulse modulation, 
13:23 
Multipliers, 
frequency, 8:5 
in transmitter, 8:17 
voltage, 3:26 
Multivibrators, 15:26 
biased-off, 15:31 
cathode-coupled, 15:30 
delay, 16:24 
electron-coupled, 15:32 
linear delay, 16:25 
symmetrical, 15:26 
synchronized, 15:29 
unsymmetrical, 15:29 
Mutual characteristics, 
static, of a pentode, 1:32 
static, of a tetrode, 1:26, 1:28 
static, of a triode, 1:16, 1:17 
Mutual conductance (gm), 1:19 


National Defence Communication System, 
19:11 
Nature of conosphere, 12:3 
Negative feedback, 2:5, 2:54 
Neon valve, 1:40 
Networks and filters, telephone, 18:26 
Neutral operation, telegraph, 18:13 
Neutralization, 
anode, 8:9, 8:10 
grid, 8:9 
Hazeltine, 8:11 
in push-pull amplifiers, 8:12 
in transmitters, 8:8 
Rice, 8:9 
Neutrodyne, 8:11 
Nickel, 1:12 
Night effect, 14:24 
Night frequencies, 12:9 
Night-time propagation, 12:10 
Nodes, 10:8 
Noise, 
in communications receivers, 9:36 
in radar receivers, 17:16 
quantization, 13:31 
remedies for, 9:38 
valve, 9:37 
Noise and crosstalk, telephone, 18:30 
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Noise limiters and suppressors, 9:38, 9:40, 
9:46 

Non-resonant long single-wire aerials, 
11:31 

Non-resonant transmission lines, 10:16 

Non-synchronous vibrator supply, 3:36 

Numbering, automatic, 19:10 

Numbers, binary, 13:32 


Oblique polarization, 12:1 
Obliquely polarized wave, 10:3 
Occluded gases, 1:9 
removal of, 1:12 
Occlusion, of gases, 1:9 
Off-centre feed to receiver, 17:47 
On-off keying, 19:14 
One-shot multivibrator, 15:33 
Open-ended half-wave sections, 10:38 
Open-ended line, 10:5 
Open-ended resonant-line section, 10:21 
Open-ended sections, for impedance match- 
ing, 10:37 
Open loop aerials, 
see Adcock aerial 
Open-space cutout, 18:10 
Open wire lines, 18:25 
Operating speeds, teletype, 19:13 
Optimum coupling, formula for, 2:40 
Optimum power output, 2:31 
impedance matching for, 2:59 
Oscillations, 
establishment of, 5:1 
maintenance of, 5:2 
parasitic, 8:14 
Oscillator-detector type of frequency con- 
verter, 9:18 
Oscillator-mixer type of frequency con- 
verter, 9:20 
Oscillator power supply, 3:38 
Oscillator valves, ultra-high-frequency, 5:21 
Oscillators, 
angle of current flow, 5:6 
beat-frequency, 9:6 
blocking, 15:20 
Colpitts, 5:9 
concentric-line, 5:20 
definition of, 5:1 
efficiency in, 5:5 
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Oscillators— Continued 
electron-coupled, 5:11 
equivalent circuit, 5:4 
frequency stability, 5:10 
Hartley, 5:7 
heterodyne, 5:3 
in transmitter, 8:1 
local, 9:13 
master, 5:10 
Miller, 5:14 
modified Hartley, 5:8 
modified Miller, 5:16 
modified tuned-anode, 5:7 
parallel feed, 5:8 
Pierce, 5:16 
push-pull, 5:9 
quench, 9:10 
series feed, 5:8 
shocked, 15:17 
teletype, 19:17 
transitron, 15:36 
transmission-line, 5:18, 10:33 
tuned-anode, 5:3 
tuned-anode tuned-grid, 5:7 
tuned-grid, 5:1 
tuned-grid tuned-anode transmission 

line, 5:21 
ultra-high-frequency valves for, 5:21 
v-h-f, 5:17 
Wien-bridge, 15:38 

Oscillatory circutts, 5:1 
frequency of, 5:3 
losses associated with, 5:17 
Q of, 5:7 

Oscillogram, 4:3 

Oscilloscope, 4:1 
double-beam, 4:11 
magnetron monitoring, 5:31 
modulation test patterns, 6:18 
simple test, 4:7 
sweep generators, 16:4 
uses of, 4:17 

Output impedance, of cathode follower, 

2:45 

Output voltage, 2:1 

Oven temperature control, 19:19 

Overdriven amplifier, 15:7 

Overload protection in power supplies, 3:23 


A:52 


Overload relays, 3:23 
Oxide-coated cathodes, 1:10 
Oxide-coated emitters, 1:1 


a-section filter, 3:12 
P-A system, 2:65 
PPI calibration, 16:23 
PPI presentation, 16:2 
Parabolic aerzal feed, 11:20 
Parabolic basket, 11:20 
Parabolic dish, 11:19 
Parabolic reflectors, 11:19 
Parabolic slice, 11:20 
waveguide feed of, 11:21 
Parallel amplifier operation, 2:34 
Parallel-diode clipping, 15:2 
Parallel feed of automatic volume control, 
9:27 
Parallel feed of oscillators, 5:8 
Paralyzing bias, 6:17, 8:6 
Paraphase amplifiers, 2:51, 16:11 
in a P-A system, 2:66 
Parasitic arrays, 11:13 
Parasitic oscillation, 8:14 
Parasitic reflector, support for, 10:35 
Parasitic suppressor, 8:14 
Patching, teletype, 19:12 
Peak inverse voltage, 1:40, 3:19 
Pentagrid converter, 1:35, 9:19 
Pentagrid mixer, 1:35 
Pentodes, 
beam power, 1:34 
characteristic curves of, 1:30 
definition of, 1:29 
operation of, 1:29 
remote cut-off, 1:35 
valve factors, 1:32 
variable-mu, 1:34 
Pentode amplifier, 2:24 
effect of coupling components on stage 
gain, 2:26 
resistance-capacitance coupled, 2:25 
Percentage distortion, 2:32 
Percentage modulation, 6:2, 6:5, 6:18 
Percentage regulation, 3:13 
Percentage ripple, 3:9 
in full-wave rectifier output, 3:41 
Perforated tapes, 19:9 
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Perforator, 19:9 
Persistence of vision, 4:3 
Phantastron, 16:25 
Phantom carrier, teletype, 19:14 
Phantom circurts, 18:25 
Phantom repeating coil, 18:26 
Phase angle of an amplifier, 2:71 
Phase determination, 4:13 
Phase distortion, 2:29 
Phase inverter, 2:52 
cathode-coupled, 16:13 
circuit, 16:11 
self-balancing, 16:12 
teletype converter, 19:26 
transmission line, 10:42 
Phase modulation, 6:20, 13:1, 13:19 
Phase modulator, 13:21 
Phase-shift modulator, 13:12 
Phase shifters, transmission line, 10:41 
Phase splitter, 2:51 
Phase-splitting circurts, 2:51, 4:12 
Phase velocities, waveguide, 10:59 
Phasing control, 9:34 
Phasing section for radar aerial, 17:48 
Phototube, 1:54 
characteristic curves, 1:55 
circuit arrangement, 1:55 
circuit symbol, 1:55 
Pierce crystal oscillator, 5:16 
Piezo-electric effect, 5:11 
Pip, 16:1 
Plan-position indicator, 16:2 
Plane of polarization, 12:1 
Plane polarized wave, 10:3 
Plate, of a valve, 1:3 
Plate circuit, 1:4 
Plate detector, 7:13 
Plate voltage, 1:5 
Plugs, telephone, 18:11 
Plunger, waveguide, 10:60 
Polar diagram, 
horizontal dipole, 11:2 
loop aerial, 14:3 
vertical dipole, 11:4 
Polar operation, telegraph, 18:13 
Polar relays, 18:15 
Polarential operation, telegraph, 18:14 
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Polarization, 10:2, 12:1 
circular, 10:3 
elliptical, 10:3 
horizontal, 10:3 
oblique, 10:3 
vertical, 10:3 
Polarization-diversity reception, 19:21 
Polarization errors in d-f, 14:23 
Polarized wave, 10:3 
Pole pair circuit, 18:26 
Portable equipment, power supply, 3:1 
Position finding by d-f, 14:22 
Positive-feedback, 2:54, 5:2 
Positive-ion bombardment, 1:9 
Power-amplification ratio, 2:32 
Power amplifiers, 
a-f, 2:30 
anode efficiency of 2:33 
Class C operation, 2:42 
distortion in, 2:31 
in a P-A system, 2:66 
in push-pull, 2:35 
in transmitter, 8:1, 8:18 
in receiver, 9:47 
matching loudspeaker to, 2:61 
matching several loudspeakers to, 
2:62, 2:63 
parallel operation, 2:34 
r-f, 2:41 
video, 2:50 
Power detection, 7:8, 7:12 
Power output, 
effect of load on, 2:57 
impedance matching for maximum, 
2:57 
impedance matching for optimum, 
2:59 
maximum, 2:31 
optimum, 2:32 
Power output check, 1:70 
Power sensitivity, 2:32 
Power supply, 3:1 
m-section filter, 3:12 
P-A system, 2:67 
r-f oscillator, 3:38 
capacitor filter, 3:6 
choke-input filter, 3:11 
filter circuits, 3:5 


Power supply— Continued 
hash suppressors, 3:25 
inductor-capacitor filter, 3:9 
inductor filter, 3:9 
keying, 6:15 
overload protection, 3:23 
radar, 17:2 
receiver, 3:16, 9:47 
resistor-input filter, 3:12 
test oscilloscope, 4:8 
transmitter, 8:21 
vibrator, 3:35 
voltage regulation, 3:13 
voltage regulators, 3:28 
Power supply regulators, 
amperite, 3:33 
ballast-valve, 3:33 
carbon-pile, 3:32 
saturated-core-transformer, 3:34 
Power supply timer, 17:4 
Pre-selector, 9:33 
Presentations, radar, 16:1 
Primary keying, 6:15 
Primary sources, 3:1 
Principles of, 
detection, 7:1 
frequency-shift keying, 19:14 
keying, 6:13 
reception, 9:1 
superheterodyne reception, 9:13 
telegraph transmission, 18:17 
teletype operation, 19:1 
Probe coupling, waveguide, 10:60 
Propagation, 12:1 
characteristics, 12:8 
errors in d-f, 14:23 
velocity of, 10:46 
Protection, telephone, 18:10 
Public-address system, 2:65 
Pull bar, 19:5 
Pull bar bail, 19:5 
Pulsating direct current, 1:7 
Pulse circuits, 15:1 
Pulse code modulation, 13:20 
Pulse former, 17:7 
Pulse forming circuits, 15:14 
Pulse modulation, 13:1, 13:22 
Pulse recurrence rate, 15:14 
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Pulse repetition frequency, 17:2 
Pulse repetition rate, 15:14 

Pulse shape, r-f, 6:13 

Pulse time demodulator, 13:29 
Pulse time modulation, 13:26 

Pulse width, 17:2 

Pulse width modulation, 13:24 
Pulsed amplitude modulation, 13:22 
Pulsed frequency modulation, 13:23 


Push-pull, 
amplifier, 2:35 
oscillator, 5:9 
transmission-line oscillator, 5:18, 10:34 


Pyrite, iron, crystal, 7:7 


Q of crystal, 5:12 

Q of crystal filter, 9:34 

Q of oscillatory circurt, 5:7 

Q of transmitter oscillator, 8:3 

Quadrantal error, 14:12, 14:15 

Quadrupler circuit, 3:29 

Quads, 18:32 

Quantization, in p-c-m, 13:30 

Quantization noise, 13:31 

Quantizing grid, 13:33 

Quarter-wave aerzal, 11:28 
effective height, 14:42 


Quarter-wave section, 
as rotating joint, 10:44 
characteristic impedance, 10:38 
wave filters, 10:35 


Quarter-wave shorted section, as an insula- 
tor, 10:34 

Quarter-wave stub insulator, 10:49 

Quarter-wave stub match, 10:18 

Quarter-wave transformer, 10:37 

Quarter-wavelength line sections, 10:24 

Quartz crystal, 5:11 

Quench oscillator, 9:10 


R-f amplifiers, radar, 17:19 
R-f oscillator power supply, 3:38 
R-t signal, in receiver, 9:5 
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Radar, 
components of system, 17:1 
driver, 17:8 
indicators, 16:1, 17:2 
long- and short-wave, 17:3 
microwave, 17:3 
modulators, 17:6, 17:10 
power supply, 17:2 
receivers, 17:2, 17:15 
systems, 17:1 
timer, 17:4 
tracking, 17:32 
transmitters, 17:6, 17:7, 17:11, 17:18 
Radiation, 10:1 
from waveguide, 10:67 
vertical aerial, 10:1 
Radiation loss, in transmission line, 10:47 
Radiation pattern, 
blind-landing devices, 14:42 
broadside aerial, 11:10 
collinear aerials, 11:9 
end-fire aerial, 11:12, 11:13 
horizontal dipole, 11:2 
horn radiators, 11:24 
lazy-H array, 11:17 
long single-wire aerials, 11:32 
parabolic reflector, 11:20 
quarter-wave aerial, 11:29 
three-wavelength aerial, 11:31 
two-wavelength aerial, 11:30 
vertical dipole, 11:4 
vertical half-wave aerial above per- 
fectly conducting ground, 11:26 
Yagi array, 11:15, 11:28 
Radiation resistance, 10:16 
Radzators, horn, 11:24 
Radio, 
beacons, 14:40 
fadeout, 12:8 
goniometer, 14:7 
range, 14:40 
teletype, 19:13 
wave propagation characteristics, 
12:12 
Radio communication reception, 9:1 
Radio communication transmission, 8:1 
Radio distortion, teletype, 19:30 
Radio-frequency alignment of receiver, 9:21 
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Radio-frequency amplifier, in receiver, 9:1, 
9:43 
Radio-frequency power amplifiers, 2:41 
Radio-frequency voltage amplifiers, 2:37 
classification of, 2:64 
double-tuned transformer coupled, 
2:40 
equivalent circuit of, 2:39 
single-tuned transformer coupled, 2:39 
Range gate, 17:32 
Range marker, 16:28 
Range notch, 16:28, 17:32 
Range of human hearing, 2:20 
Range pedestal, 16:28 
Range step, 16:23 
Ratio detector, 13:10 
Ray-control electrode, 1:56 
Reactance tube modulator, 13:12 
teletype, 19:17 
Reaction, 1:24 
Reaction type of absorption wavemeter, 
8:24 
Rear waveguide feed, 11:22 
Recevwers, 
aerials, 11:1 
alignment, 9:21 
automatic volume control, 9:28 
bandwidth, radar, 17:17 
blocking, 17:25 
f-m, 13:3 
fidelity, 9:4 
gating, 17:27 
logarithmic, 17:30 
noise, 9:36, 17:16 
power, supply, 3:16 
radar, 17:2,17:15: 
radar, block diagram, 17:18 
requirements of communications, 9:4 
selectivity, 9:4, 9:34 
self-quenching, 9:12 
sensitivity, 9:4 
signal-to-noise ratio, 9:4, 9:36 
simple t-r-f, 9:2 
stability, 9:5 
superheterodyne circuit, 9:41 
types of signals, 9:5 
voltage waveforms, 9:3 


A:55 


Receiving valve, 
electrical and physical characteristics, 
1:66 
nomenclature, 1:64 
ratings, 1:65 
typical operating conditions, 1:65 
Reception, 
diversity, 19:21 
principles of, 9:1 
radio communication, 9:1 
single-signal, 9:35 
zone of, 12:6 
Reciprocal bearings, 14:23 
Recovery time, 17:25 
Rectangular waveguides, 10:47 
connecting two sections, 10:64 
cut-off wavelength formulas, 10:69 
development of, 10:48 
dimensions of, 10:68 
modes of transmission, 10:56 
Rectification, 
full-wave, 3:3 
half-wave, 3:3 
vacuum-tube voltmeter, 7:19 
Rectifiers, 3:3 
bridge, 3:18 
copper-oxide, 3:20 
diode, 1:7 
hot-cathode mercury-vapour, 3:22 
metallic, 3:20 
regulation, 3:13 
selenium, 3:20 
(See also power supplies) 
Reflected waves, on transmission line, 10:5 
Reflection, 
effect of angle of incidence on, 12:5 
effect of frequency on, 12:4 
effect of ion density on, 12:5 
on transmission line, 10:5 
sky wave, 12:4 
Reflection effect, 14:24 
Reflector, 
corner, 11:24 
driven, 11:13 
length formula, 11:36 
parabolic, 11:19 
parasitic, 11:13 
Reflex klystron, 5:27 
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Refraction, of radio waves, 12:11 
Regeneration, 5:2 
teletype, 19:32 
Regenerative detection, 9:7 
Regenerative feedback, 2:54 
Regenerator circuit, 19:40 
Regulation, 
percentage, 3:13 
voltage, 3:13 
Regulation curve, for r-f oscillator power 
supply, 3:39 
Regulators, 
amperite, 3:33 
ballast-valve, 3:33 
carbon-pile, 3:32 
cold-cathode gas, 3:31 
current, 3:24 
gas-valve, 3:29 
hard-valve, 3:31 
saturated-core-transformer, 3:34 
voltage, in power supplies, 3:28 
Relationship between valve factors, 1:21 
Relative bearing, 14:22 
Relaxation oscillators, 
(See multivibrators) 
Relay, tape systems, 19:11 
Relays, 
overload in power supplies, 3:23 
polar, 18:15 
Remote cut-off pentode, 1:35 
Repeaters, telegraph, 18:12 
Repeating coil, phantom, 18:26 
Reperforator, 19:10 
typing, 19:10 
Requirements of communications receiver, 
9:4 
Re-radiation errors in d-f, 14:12 
Re-radiation loop, 14:16 
Resistance, 
a-c anude, 1:18 
radiation, 10:16 
Resistance-capacitance coupling, 2:15 
Resistance-capacitance oscillator, 15:38 
Resistor, 
cathode bias, 2:4 
grid-leak, 2:15 
Resistor-capacitor filter, 3:12 
Resonance, effect in a filter circuit, 3:15 
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Resonant cavities, 5:24 
Resonant feed, for multiple-frequency 
operation, 10:20 
Resonant frequency, mechanical, 5:12 
Resonant lines, 10:19 
centre feed of an aerial, 10:19 
end feed of an aerial, 10:20 
Resonant-line sections, 10:21 
open-ended, 10:21 
short-circuited, 10:23 
Resonant long single-wire aerials, 11:30 
Resonant sections, 
applications of, 10:33 
waveguide, 10:66 
Resonator, cavity, 5:24 
Response, of vacuum-tube voltmeter, 7:21 
Response curve, discriminator, 13:7, 13:10 
Reversed on-off keying, 19:14 
Revolving radio beacons, 14:40 
Rhombic aerial, 11:33 
Ribbon microphone, 8:22 
Rice neutralizing circuit, 8:9 
Ring-back tone, 18:8 
Ring circutts, 15:40 
Ringers, telephone, 18:6 
Ringing time, 17:44 
Ripple frequency, 3:8 
Ripple, percentage, 3:9 
Ripple voltage in full-wave rectifier out- 
put, 3:40 
Rochelle salt, in crystal microphone, 8:34 
Rotary spark gap, 17:14 
Rotating cam distributor, 19:2 
Rotating cam transmitter, 19:5 
Rotating joints 
in transmission lines, 10:44 
waveguide, 10:65 
Run-down period, 16:26 


S-meter, 9:29 

Sampling, in p-c-m, 13:30, 13:32 

Sampling gate circuit, 19:40 

Sampling pulse generating circuit, 19:37 

Saturated-core-transformer regulator, 
3:34 

Saturation, 1:5 

Saturation current, 1:5 

Saturation limiting, 15:6 
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Sawtooth generator, 4:3 
Sawtooth voltage, 4:3 
Sawtooth waveform, 2:47 
Scale-of-two counters, 15:40 
Scan, types of, 16:1 
Scanning, conical, 17:50 
Scattered signals, 12:12 
Screen, of c.r.t., 1:49 
Screen circuit, 1:26 
Screen grid, 1:25 
Screen-grid valve, 1:25 
Screening, principle of, 1:24 
Sealed T-R switch, 17:41 
Search coil, 14:8 
Second harmonic, percentage generated in 
a valve, 2:76 

Secondary electrons, 1:28 
Secondary emission, 1:28 
Secondary keying, 6:15 
Segmented-ring distributor, 19:2 
Selecting bars, telephone, 18:9 
Selective fading, 12:8 
Selecting finger, telephone, 18:9 
Selective response, of an amplifier, 2:22 
Selectivity, of receiver, 9:4, 9:34 
Selectivity control, in receiver, 9:44 
Selector, 

code, 19:4 

lever, 19:7 

single magnet, 19:7 

sweep, 4:5 

switch, 18:8 
Selenium rectifiers, 3:20 
Self-balancing phase inverter, 16:12 
Self-bias, 2:4 

determining value of, 2:4 
Self-quenching receiver, 9:12 
Self-rectifying vibrator supply, 3:38 
Semi-automatic tape relay system, 19:11 
Semi-circular error, 14:12 
Sense, in d-f, 14:3 
Sense determination, 14:3 

in c.r. d-f, 14:34 

phase relationships in, 14:4 
Sense indicator, 14:4 
Sensing pins, 19:10 
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Sensitivity, 
of detector, 7:5 
of microphones, 8:29 
of receiver, 9:4 
power, 2:32 
Sequence of teletype operations, 19:8 
Series compensation, 2:48 
Series-diode clipping, 15:1 
Series feed of automatic volume control, 
9:27 
Series feed of oscillators, 5:8 
Series noise limiter, 9:39 
Shielded pair, 10:29 
E and H lines for, 10:47 
Shielded-U Adcock aerial, 14:28 
Shocked oscillator, 15:17 
Shore effect, 14:23 
Short-circutt test, 1:68 
Short-circurted resonant-line section, 10:23 
Short-circuited stub match, equivalent cir- 
curt, 10-39 
Short-circuiting plunger, 10:60 
Shorted line, 10:11 
Shorted line sections, for impedance match- 
ang, 10:36 
Shot effect, 9:37, 17:16 
Shunt compensation, 2:48 
Shunt noise limiter, 9:38 
Side circuits, 18:25 
Sidebands, 6:10 
in frequency modulation, 13:16 
in phase-modulated waves, 13:21 
Sideband frequencies, 6:11 
Signal, 6:1 
Signal-to-noise ratio, 9:4, 17:16 
Signalling, telephone, 18:6 
Signals, types of receiver, 9:5 
Silicon crystal, 7:7 
Simplexed circuits, 18:16 
Single-button carbon microphone, 8:29 
Single-frequency modulation, 6:13 
Single magnet selector, 19:7 
Single operation, 
telegraph, 18:13 
teletype, 19:15 
Single-signal reception, 9:35 
Single-stub tuner, 10:39 
Single-wire line, 10:25 


A:58 


Skin effect, 5:17 
Skip distance, 12:6 
Skip zone, 12:6 
Sky-wave, 12:1, 12:3 
critical angle, 12:6 
critical frequency, 12:4 
maximum usable frequency, 12:7 
reflection, 12:4 
Sleeve transformer, 10:42, 11:23 
Slice, parabolic, 11:20 
Slicer circuit, 13:28 
Slide-back vacuum-tube voltmeter, 7:18 
Sneak currents, telephone, 18:11 
Soft valves, 1:36 
Sound, range of human hearing, 2:20 
Sound-cell, in microphones, 8:33 
' Sound-powered telephone, 18:2 
Space, telegraph, 18:12 
Space charge, 1:4 
Space-diversity reception, 19:21 
Space-to-mark transition, 18:18 
Spacing impulses, 19:2 
Spark-gap modulator, 17:13 
Spark-gap T-R switch, 17:37 
Spark suppression, 6:14 
Speed, — 
of light waves, 10:2 
of radio waves, 10:2 
Speeds, teletype, 19:13 
Spiral sweep, 16:31 
Split-anode magnetron, 5:28 
cycloidal paths in, 5:28 
Split-load amplifier, 16:12 
Square-law detection, 7:8, 7:24 
Square waveform, 2:46 
Square wave generators, 15:25 
Squegging, definition of, 2:17 
Squegging circuit, 9:10, 9:12 
Stability, 
frequency, of transmitter, 8:1 
of receiver, 9:5 
Stabilization circuit, frequency, 13:14 
Stacked V aerials, 11:33 
Stacked dipole array, 11:12 
Stage gain, 2:14 
effect of coupling components on 
formula, 2:25 
Staggered tuning, 17:24 
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Standard wave error, 14:29 
Standing-wave indicators, 10:9 
Standing-wave ratios, 10:8 
Standing waves, 10:4 

of current, 10:6 

of voltage, 10:6 

on open-ended line, 10:5 

to measure wavelength, 10:9 
Start-stop cam, 19:6 
Start-stop system, 19:2 
Static, 13:1 
Static anode characteristics, . 

of a beam-power valve, 1:34 

of a hot-cathode gas diode, 1:38 

of a pentode, 1:31 

of a tetrode, 1:26, 1:27 

of a triode, 1:16 
Static characteristic curves, 2:7 
Static mutual characteristics, 

of a pentode, 1:32 

of a tetrode, 1:26, 1:28 

of a triode, 1:16, 1:17 
Steering-wheel aerial, 11:29 
Step-function demodulator, 13:29 
Step-by-step counters, 15:40 
Step-by-step dial system, 18:6 
Striking potential, 1:38 
Striking voltage, 

in a cold-cathode gas diode, 1:40 

in a hot-cathode gas diode, 1:38 
Strobe pulse, 16:28 
Strowger switch, 18:7 
Stub lines, 10:39 
Stub match, 

half-wave, 10:18 

line to load, 10:40 

quarter-wave, 10:18 
Stub tuner, 10:39 

double, 10:40 
Superheterodyne principle, 9:13 
Superheterodyne receiver, 

alignment of, 9:21 

block diagram, 9:14 

circuit, 9:41 

(See also receivers) 
Super-regenerative detector, 9:10 
Supersonic heterodyne, 9:14 
Supervisory lamp, telephone, 18:3 
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Suppressor grid, 1:30 
Suppressor-grid modulation, 6:9 
Suppressors, 

noise, 9:38, 9:40 

parasitic, 8:14 
Surface pattern, 

broadside aerial, 11:10 

vertical dipole, 11:4 
Sweep, 

expanded, 16:29 

linear, 4:3 

radar, 16:1 
Sweep circuit, 4:4 

output voltage, 4:5 
Sweep-current generator, multi-range, 16:18 
Sweep frequency, 4:5 
Sweep generator, 

constant current. pentode, 16:6 

in simple test oscilloscope, 4:10 

Miller, 16:9 

thyratron, 16:4 

triode cut-off, 15:16 
Sweep integrating circurt, 16:8 
Sweep power amplifier, 16:17 
Sweep selector, 4:5 
Sweep voltage, 4:3 
Sweep-voltage amplifier, 16:11 
Swept-gain circutt, 17:28 
Swinging choke, 3:14 
Switchboard keys, 18:11 
Switchboards, 

multiple, 18:5 

telephone, 18:2 
Switches, 

connector, 18:7 

line finder, 18:7 

selector, 18:8 

Strowger, 18:7 

telephone, 18:12 
Sword, 19:7 
Symmetrical multwibrator, 15:26 
Synchronization, of sweep circuits, 4:5 
Synchronized blocking oscillator, 15:21 
Synchronized multivibrator, 15:29 
Synchronizer, radar, 17:1, 17:4 
Synchronous vibrator power supply, 3:38 
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T-lever 19:7 
TE , mode, 
in circular waveguides, 10:58 
in rectangular waveguides, 10:59 
TM, mode, in circular waveguides, 
10:58 
T-R devices, 17:36 
T-R switch, 17:2. 17:25 
cavity, 17:41 
for waveguide system, 17:42 
sealed, 17:41 
T-R transformer, 17:40 
Tank circuit, of oscillator, 8:3 
Tantalum, 1:12 
Tape relay system, 19:11 
Taper, logarithmic, of volume control, 9:25 
Tapes, perforated, 19:9 
Telegraph circuits, 18:12 
Telegraph transmission, 18:17 
Telephones, 
battery-powered, 18:2 
jacks, 18:5 
plugs, jacks and cords, 18:11 
signalling, 18:6 
sound-powered, 18:2 
switches, 18:12 
systems, 18:2 
trunks, 18:5 
Teleprinter, 19:1 
Teletype, 19:1 
converter, 19:21 
misprinting, 19:29 
radio, 19:13 
regenerator, 19:32 
Teletype operations, sequence of, 19:8 
Teletypewriter, 19:1 
Temperature control, oven, 19:19 
Test oscilloscope, 4:1, 4:7 
uses of, 4:17 
Test patterns, modulation, 6:18 
Tester, valve, 1:67 
Tetrode, 
characteristic curves of, 1:26 
definition of, 1:25 
operation of, 1:25 
Theoretical anode efficiency, 2:76 
Thermal agitation, 9:37, 17:16 
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Thermal efficiency, for hot-cathode gas 
diode, 1:40 
Thermionic emission, 1:1 
Thermionic valve, 1:1 
Thoriated tungsten, 1:1 
Thoriated-tungsten cathodes, 1:10 
Thorium, 1:10 
Threshold of feeling, 2:20 
Threshold of hearing, 2:20 
Thyratrons, 
arrangement of electrodes, 1:42 
circuit symbol, 1:42 
definition of, 1:36 
modulator, 17:11 
operation of, 1:41 
pulse former, 15:22 
striking voltage curve, 1:43 
sweep circuit, 4:4 
sweep generator, 16:4 
Tickler coil, 9:12 
Time base, linear, 4:3 
Time-base generator, Miller, 16:9 
Time-delay relay, in transmitter, 8:20 
Timer, radar, 17:1, 17:4 
Timing capacitor, in vibrator supply, 3:37 
Tone control, in receivers, 9:30 
Tone-control network, of a P-A system, 
2:67 
Tone-generator, 8:6 
Tracking, radar, 17:32 
Transformer coupling, 2:19 
Transformer, 
for T-R switch, 17:40 
quarter-wave, 10:38 
sleeve, 10:42 
trombone, 10:43 
Transconductance, 
for a tetrode, 1:29 
grid-to-anode, 1:19 
Transconductance test, 1:68 
Transient-free limiter, 19:22 
Transit time, electron, 1:61, 5:22 
Transition, 
changing current, 18:21 
telegraph, 18:17 
Transitron, 15:36 
Transitron sine-wave oscillator, 15:37 
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Transmission lines, 10:1 
Adcock aerial, 14:29 
coaxial, 10:31 
concentric, 10:31 
connecting to aerial, 10:17 
construction of, 10:25 
copper loss in, 10:47 
definition of, 10:3 
determination of characteristic imped- 

ance, 10:25 
dielectric loss in, 10:47 
equivalent circuit, 10:12 
five-wire, 10:31 
flat, 10:16 
flexible coaxial, 10:32 
four-wire, 10:30 
infinite, 10:4 
inverters, 10:41 
multi-conductor, 10:30 
non-resonant, 10:16 
open-ended, 10:5 
oscillators, 5:18, 10:33 
oscillator, radar, 17:6 
phase shifters, 10:41 
radiation loss in, 10:47 
resonant, 10:19 
rigid coaxial, 10:31 
rotating joint in, 10:44 
shorted, 10:11 
shielded pair, 10:29 
single-wire, 10:25 
standing waves, 10:4 
tuned, 10:19 
twisted pair, 10:28 
two-wire, 10:25 
untuned, 10:16 

Transmission, radio communication, 8:1 

Transmit-receive switch, 17:25 

Transmitter-distributor, 19:9 

Transmitter, 
circuit, 8:15 
essentials of, 8:1 
f-m, 13:1 
harmonics, 9:32 
radar, T72)o Oe) tre lite 
teletype rotating cam, 19:5 
timing, radar, 17:5 
tuning, 8:25 
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Transmitting station, types of, 8:2 
Transmutting valve, 
electrical and physical characteristics, 
1:67 
nomenclature, 1:64 
ratings, 1:67 
Transposition, 18:31 
Transverse electric mode, 10:56 
Transverse magnetic mode, 10:56 
Trapezordal, 
generator, 16:16 
test patterns, 6:19 
waveform, 16:16 
Travelling wave, transmission line, 10:8 
Trigger circuit, 15:14, 17:11 
teletype regenerator, 19:36 
Trigger pulse, 15:14 
Trigger unit, radar, 17:1, 17:4 
Triode, 1:14 
cut-off sweep generator, 16:5 
hexode frequency converter, 9:20 
operation of, 1:14 
Triode amplvfier, 
effect. of coupling components on stage 
gain, 2:25 
equivalent circuit, 2:26 
Tripler circuit, 3:28 
Trombone transformer, 10:43 
True bearing, 14:22 
True wavelength, 10:9 
Trunks, telephone, 18:5 
Tube, cathode-ray, 1:44 
Tuned-anode oscillator, 
modified, 5:7 
parallel-feed, 5:4 
series-feed, 5:3 
Tuned-anode tuned-grid oscillator, 5:7 
Tuned-grid, 5:1 
Tuned-grid tuned-anode transmission-line 
oscillator, 5:21 
Tuned line, 10:19 
Tuned radio-frequency receiver, 9:2 
Tuner, 
double stub, 10:40 
stub, 10:39 
Tuner circutt of recewer, 9:1 
Tungsten, 1:1, 1:12 
Tungsten cathodes, 1:9 
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Tuning-eye valve, 1:56 
Tuning indicators, 9:29 
Tuning-indicator valve, 1:56, 9:29 
Tuning receivers, 9:21 
Tuning transmitters, 8:25 
Turnover, of vacuum-tube voltmeter, 7:22 
Turnstile aerial, 11:6 
Twisted pair, 10:28 
Two-band-pass discriminator, 19:23 
Two-branch-network discriminator, 19:23 
Two-wire line, 10:25 

equivalent circuit, 10:12 

impedance of, 10:17 

non-resonant, 10:16 

Q of, 10:33 
Type A presentation, 16:1 
Type B presentation, 16:2 
Type bar, 19:5 
Type C presentation, 16:3 
Typing reperforator, 19:10 


Ultra high frequencies, 12:9 

Ultra-high-frequency oscillator valves, 5:21 

Unbalanced beam-positioning, 4:1 

Unbalanced multwibrator, 15:29 

Uncompleted-loop method of frequency de- 
termination, 4:17 

Unguided waves, 10:45 

Unit, volume, 2:70 

Universal bar, 19:5 

Unsymmetrical multivibrator, 15:29 

Untuned line, 10:16 

Use of zeros in d-f, 14:3 


V aerial, 11:32 
VR-valve, 3:29 
Vacuum tubes, 
(See valves) 
Vacuum-tube voltmeter, 7:16, 7:20 
wavemeter, 8:23 
Valves, 
air-cooled, 1:11 
acorn, 1:61 
anode resistance, 1:18 
beam power, 1:33 
characteristics, 
(See characteristic curves) 
cold cathode, 1:36, 1:40, 3:31 
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Valves— Continued 
diode, 1:4 
disc-seal, 1:62 
electron-ray, 1:56, 9:29 
for video amplifiers, 2:50 
gas filled, 1:36, 3:29 
hard, 1:9 
high-frequency, 1:59 
inter-electrode capacitance, 1:23 
letter abbreviations and symbols, 2:1 


midget, 1:62 
multi-electrode, 1:35 
neon, 1:40 
nomenclature, 1:64 
pentode, 


(See pentodes) 
ratings and data, 1:64 
rectifier, 1:7, 1:41, 3:22 
regulator, 3:29, 3:31, 3:33 
remote cut-off, 1:35 
sereen-grid, 1:25 
socket connections, 1:66 
soft, 1:36 
tester, 1:67 
tetrode, 1:25 
thermionic, 1:1 
triode, 1:14 
tuning-indicator, 1:56 
variable mu, 1:34 
water-cooled, 1:11 
Valve constants, 1:19 
Valve factors, 1:18 
a-c anode resistance, 1:20 
amplification factor, 1:18 
calculation for curved portions of 
characteristics, 1:20 
for a pentode, 1:32 
for a tetrode, 1:29 
mutual conductance, 1:19 
relationship between, 1:21 
Valve tester, 1:67 
Variable-mu pentode, 1:34 
Variations in tonosphere, 12:7 
Varistors, 18:29 
Varying d-c voltage, components of, 3:8 
Varying direct current, 2:3 
Velocity microphone, 8:32 
Velocity modulation, 5:23 
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Velocity, radio waves, 10:1 
Vertical aerial, radiation from, 10:1 
Vertical-centering control, in c.r.t., 4:2 
Vertical deflection, in c.r.t., 4:2 
Vertical dipole, 11:1, 11:4 
polar diagram, 11:4 
radiation pattern, 11:4 
Vertical directivity, 11:4 
Vertical-deflection amplifier, 4:10 
Vertical-deflection plates, in a c.r.t., 1:48 
Vertical effect, 14:10 
Vertical height of ionosphere, 12:6 
Vertical polarization, 12:1 
Vertical quarter-wave aerial, effective 
height, 14:42 
Vertically polarized wave, 10:3 
Very high frequencies, 12:9, 12:10 
Very-high-frequency oscillators, 5:17 
Vibrator, 3:35 
Vibrator power supplies, 3:35 
tuning capacitor, 3:37 
Video amplifiers, 2:46 
radar, 17:24 
Video-frequency amplifiers, 2:46 
circuit, 2:48 
frequency-response, 2:47 
high-frequency compensation in, 2:48 
low-frequency compensation in, 2:48 
phase-shift in, 2:47 
valves for, 2:50 
Video power amplifiers, 2:50 
Vision, persistence of, 4:3 
Votce-frequency system, 18:28 
Voltage, 
amplification, 
(See amplifiers) 
anode, 1:23 
cut-off, 1:15 
grid-signal, 1:22 
peak inverse, 1:40, 3:19 
sawtooth, 4:3 
striking, 1:38, 1:40 
sweep, 4:3 
varying d-c; 2:3 
Voltage amplifiers, 2:1 
audio-frequency, 2:15 
radio-frequency, 2:37 
Voltage dividers, 3:15 
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Voltage doubler, 3:26 
Voltage gain, of cathode follower, 2:45 
Voltage multipliers, 3:26 
Voltage quadrupler circuit, 3:29 
Voltage regulation, power supply, 3:13 
Voltage regulators, 1:41 

in receiver, 9:47 

power supply, 3:28 
Voltage-regulator valves, nomenclature, 

1:64 

Voltage tripler circuit, 3:28 
Voltmeter, vacuum-tube, 7:16 
Volume control, 

automatic, 7:6 

manual, 9:22 
Volume-level indicator, 2:71 
Volume unit, 2:70 


Water-cooled valve, 1:11 
Wave, 
carrier, 6:1 
f-m, 13:1 
ground, 12:1 
horizontally polarized, 10:3 
interrupted continuous, 6:12 
polarized, 10:3 
propagation of, 12:1 
sky, 12:1 
standing, 10:4 
types of, 9:5 
Wave clutter, 17:28 
Wave filters, 
quarter-wave section, 10:35 
waveguide, 10:67 
Wave front, 10:2, 12:1 
of electromagnetic wave, 10:2 
Wave motion, on a lane, 10:4 
Wave trapping, 10:35 
Wave traps, 9:35 
Waveform, 
square, 2:46 
sawtooth, 2:47 
Waveforms of voltage in recewer, 9:3 
Waveforms of voltage in superheterodyne 
recewer, 9:15 
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Waveguides, 
advantages of, 10:47 
as wave filter. 10:67 
bends, 10:66 
characteristic impedance, 10:61 
choke joints, 10:63 
complete system, 10:67 
coupling to, 10:60 
critical minimum frequency, 10:50 
cut-off frequency, 10:50 
cut-off wavelength formulas, 10:69 
development from two-wire line, 10:48 
development of circular, 10:58 
development of rectangular, 10:48 
dimensions, 10:68 
E and H lines in a, 10:55 
electric fields, 10:51 
energizing, 10:60 
energy radiation, 10:67 
feeds, 11:21 
flared, 10:61 
group velocities, 10:59 
hollow, 10:47 
horn radiator, 10:67 
inductive coupling to, 10:60 
introduction to, 10:45 
joints, 10:62 
loop coupling to, 10:60 
magnetic fields, 10:51 
matching devices, 10:62 
mechanical joints, 10:62 
modes of transmission, 10:56 
phase velocities, 10:59 
plunger, 10:60 
probe, 10:60 
rectangular, 10:47 
resonant sections, 10:66 
rotating joints, 10:65 
six modes in, 10:57 
standard sizes, 10:69 
TE ,2 mode in, 10:57 
transmission of energy through, 10:58 
twists, 10:66 
types of, 10:47 
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Waveguide scanner, 17:51 
Wavelength, 

apparent, 10:9 

in air, 10:9 

in any medium, 10:9 

measurement of, 10:9 

true, 10:9 
Wavemeter, 

absorption, 8:22, 8:24 

heterodyne, 8:25 

reaction, 8:24 

vacuum-tube voltmeter, 8:22 
Waveshapes in polar telegraph systems, 

18:20 

Waveshapes in telegraph systems, 18:17 
Weak-signal detection, 7:8, 7:11 
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Weber-Fechner Law, 2:20 
Whistle, 10 Ke/s, 9:32 
Wien-bridge oscillator, 15:38 


X-cut crystal, 5:11 


Y-cut crystal, 5:11 
Yagi array, 11:15 


Zero beat, 9:7 

Zero-cleaning e.m.f., 14:15 
Zeros in d-f, 14:3 

Zincite crystal, 7:7 
Zirconium-coated anode, 1:12 
Zone of reception, 12:6 

Zone of silence, 12:6 
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